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Sing to the Lord a new song 
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Sing to the Lord a new song 
He has done marvelous things 
I too will praise Him with a new song! 
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ABSTRACT 
EVALUATION OF THE BAILEY METHOD 
AS A TOOL FOR IMPROVING THE RUTTING RESISTANCE OF MIX DESIGNS 
USING NEW HAMPSHIRE AGGREGATE 
By 
Felix Alexander Rivera 
University of New Hampshire, December 2008 
Currently the NHDOT uses the Superpave method to design and evaluate its 
asphalt pavements; however, this method lacks guidelines to adjust an aggregate blend 
that yields unacceptable mixtures. The objective of this project was to determine if the 
Bailey Method of aggregate blending would help improve the rutting resistance of mix 
designs that use NH aggregates. The rutting performances of six typical NH mix designs 
and two Bailey designs were measured using the Third Scale Mobile Model Load 
Simulator (MMLS3), an accelerated pavement testing (APT) device, in hot, dry 
conditions. Out of the two mixtures redesigned according to the Bailey Method, one 
showed improvement in rutting resistance while the other showed no change. 
Additionally, the Bailey Method failed to predict the voids in the mineral aggregate 





Currently, the New Hampshire Department of Transportation (NHDOT) uses the 
Superpave Method to design and evaluate the paving mixtures used in the state (meeting 
with NHDOT, 2004). While Superpave has a detailed procedure to determine the asphalt 
content of a mix, there is very little instruction given on how to design the aggregate 
blend. What Superpave does have is a list of criteria for the aggregate blend in the form 
of control points (upper and lower limits of percent passing for certain standard sieve 
sizes), and a restricted zone (a range of values of percent passing to avoid for several fine 
sieve sizes). In addition to the aggregate blend criteria, Superpave lists requirements for 
the final asphalt mix, which include the air voids (AV), the voids in the mineral aggregate 
(VMA), and other volumetric measurements. However, Superpave does not give any 
direction on how to alter the aggregate gradation of a mix if the criteria are not met. The 
text only tells the engineer to go through the process of trial and error, as stated below: 
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What could be done at this point if none of the blends were acceptable? Additional 
combinations of the current aggregates could be tested, or additional materials from 
different sources could be obtained and included in the trial blend analysis. 
(Superpave, SP-2, 2001, p. 82) 
Traditionally, engineers have relied on experience, either from themselves or from 
others, to design the aggregate blend of a mix. However, an additional analytical tool 
designed for dealing with aggregate blends can be useful, especially when combined with 
experiential knowledge. The Bailey Method is a tool that offers a simplified explanation 
of the mechanics of aggregate structure, a procedure for aggregate blend evaluation, and 
a procedure for aggregate blend design. It was initially developed by Mr. Robert Bailey, 
now retired, who worked with the Illinois Department of Transportation (Vavrik, et al. 
2002). The Bailey Method presents a model of an aggregate matrix based on particle 
compaction as influenced by particle size distribution. The procedures it describes are 
simple and straight forward and require no fabrication of samples because it requires only 
aggregate data and gradings. The evaluation portion of the method makes general 
predictions about the relative VMA and comparability. However, since the Bailey 
Method only looks at particle size and includes very little about other aggregate 
properties that significantly affect the behavior of a blend, such as texture and shape, 
exact results cannot be expected. Although the Bailey Method doesn't require it, the 
designer would probably benefit from fabricating samples for verification tests. Still, the 
Bailey Method along with experience can guide the direction of the mix designs, helping 
to quickly reach a final design that performs well under actual road conditions. 
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Among the range of tests that can be done to evaluate a mix design, accelerated 
pavement testing (APT) is a very useful kind of test that applies scaled traffic loading to 
directly evaluate the performance of the asphalt mix. One such APT device is the Third 
Scale Mobile Model Load Simulator (MMLS3) that simulates truck traffic at one third 
the actual size. It is versatile with the ability to test asphalt bricks or slabs in a laboratory 
I 
and road pavement in the field. It has several pieces of accompanying equipment that 
allow it to modify and maintain the testing environment to emphasize a desired pavement 
failure, such as rutting, stripping, or fatigue cracking. Due to its larger scale, it is closer 
to simulating actual truck traffic than some other APT devices like the Asphalt Pavement 
Analyzer and the Hamburg Wheel Tester. However, it can also be used simply as a 
comparative tool to quickly distinguish between good and bad performing mixtures. 
Problem Statement 
The Bailey Method was developed to help engineers design better performing 
mixtures. However, it has not been as useful as expected in some«states, because the 
predictions it makes regarding VMA do not always coincide with the verification tests. 
The goal of this project is to see if the Bailey Method can help design mixtures with 
improved performance using New Hampshire aggregate. The mode of improvement 




The objective of this research project was to evaluate the applicability of the 
Bailey Method to New Hampshire materials. The steps taken to meet this objective are 
as follows: 
• Obtain a number of mix designs currently used by the NHDOT that represent a broad 
spectrum of mixture types employed in road pavement. 
• Evaluate the New Hampshire mix designs according to Bailey Method procedures. 
• Test the New Hampshire mix designs using the MMLS3 and compare their rutting 
resistances. 
• Redesign the aggregate blends of three mixtures according to the Bailey Method 
design procedures. The Bailey design calculations and fabricated samples will use 
the same aggregates as the corresponding original mix designs. 
• Design the asphalt content according to the Superpave Method. 
• Use Superpave criteria and Bailey Method procedures to evaluate the new mix 
designs. 
• Test the new mixes using the MMLS3 and compare their rutting resistance to those of 
the corresponding original mixes. 
• Make recommendations, if possible, regarding the usefulness of the Bailey Method in 
designing better performing asphalt mixes. 
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Literature Review 
The Bailey Method 
Transportation Research E-Circular, No. E-C044, Bailey Method for Gradation 
selection in HMA Mixture Design (Vavrik, et al. 2002), is the main document used for 
this project. This was a joint effort by W.R. Vavrik and Mr. Bailey along with several 
others. As stated above, the Bailey Method looks at particle packing based on particle 
size. The goal is to design a blend that uses the aggregate particles efficiently, meaning 
that there is a balance of coarse particles and fine particles. Such a balance allows the 
coarse aggregate to interlock, meaning each (relatively) large stone is transferring its load 
to as many other large stones as possible, and allows the fine aggregate to fully support 
the coarse aggregate by filling the void spaces fully without over filling them, which 
would push the coarse particles apart. A balanced blend should be strong against rutting 
and still be easy to compact (Vavrik, et al. 2002). 
The procedures in the Bailey Method make use of four parameters. These include 
the chosen unit weight (CUW) of the coarse aggregate, the coarse aggregate weight ratio 
(CA), the coarse part of the fine aggregate weight ratio (FAc), and the fine part of the fine 
aggregate weight ratio (FAf). The Bailey Method predicts certain changes in the VMA 
and compactability of a mix based on changes in these parameters. However, in a study 
in Oklahoma, the predictions made by the Bailey Method about the VMA were very 
different from the actual changes that took place when test samples were fabricated and 
measured (Gierhart 2007). The reason for this discrepancy might have been the influence 
of other aggregate properties. If the aggregate is weak, then it will break into smaller 
pieces, effectively making a blend finer. If the aggregate is particularly rough, then the 
VMAs of the test samples may be larger than expected because the particles resisted 
compaction more than usual. Conversely, if there are a number of rounded or smooth 
particles, more compaction may happen. 
A study in Oregon (Thompson 2006) noted that the Bailey Method only uses 
certain sieves to calculate the weight ratios from which its predictions are made. 
However, the other sieves that are ignored may have a stronger influence on changes in 
the VMAs of the fabricated specimens. The Bailey Method's model of particle 
compaction starts with aggregate particles approximated as circles, then spheres. Coarse 
particles are defined as those that carry the bulk of the load and have spaces between 
them. Fine particles are those that perfectly fill the voids between the coarse ones and the 
ratio of diameters, large to small, can be calculated (Vavrik, et al. 2002). Since real 
aggregate is not spherical, an average diameter ratio is used. With some aggregate, such 
as the Oregon aggregate, the average value does not work very well, at least with the 
initial separation of coarse and fine particles. This is where further testing and 
experience guide the results of the Bailey Method so that an acceptable blend is found 
using a combination of all these tools. 
The type of mix designed can also make a difference in the reliability of the 
Bailey Method. Its general procedure deals with coarse graded blends, but there are 
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additional guidelines that adapt both the evaluation and design for fine, dense graded 
blends, and for stone matrix asphalt (SMA) blends. One study found the Bailey Method 
to be very good at predicting VMA results based on the CA ratio in SMA mix designs 
(Qiu 2006). This study did not look at the FAc or the FAf ratios because fine aggregate 
generally does not influence an SMA mix significantly. On the other hand, the mixes 
that were studied in Oklahoma were fine graded as defined by the Bailey Method because 
they had a CUW well below 90% (Gierhart 2007). Although the fine aggregate played a 
dominant role in influencing VMA in those mix designs, other factors like the coarse 
aggregate or ignored sieves could have been affecting the VMA enough to throw off the 
results. One study ignored the predictions made by the Bailey Method and simply 
calculated a mathematical model of the influence of the weight ratios on VMA based on 
measurements from a number of samples (Khosla 2005). This model showed that the 
FAc and FAf ratios had the greatest influence on VMA, which is the same prediction the 
Bailey Method makes. 
Although the Bailey Method only discusses the changes in VMA and expected 
problems with compaction, other attributes of the asphalt pavement can be predicted 
based on changes in the parameters. The Oregon study looked at the correlation of 
changes in the weight ratios to rutting performance under testing by their APT device 
(Thompson 2006). This study found that the same weight ratios from the unused sieve 
sizes that most strongly influenced the voids were also the main influence on rut 
resistance. This shows that the Bailey Method, or a slightly modified version of it, can be 
used to predict the performance of an aggregate blend. Data from another study showed 
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a correlation between permeability and the CA ratio (Khosla 2005). This can be related 
to the VMA and gives some indication about the durability against weathering of the 
asphalt mix. 
MMLS3 
The MMLS3 is a very useful tool in assessing the performance of asphalt 
pavement. However, because it is only a simulation, there are several aspects that differ 
from true traffic loading. These differences are part of the nature of the test and must be 
accounted for through transformation coefficients and mathematical modeling. One 
difference is the fact that the tires are pulled over the surface of the pavement as opposed 
to driven, which means that the horizontal force will be in the same direction as wheel 
travel instead of the opposite direction as with actual truck loads (personal 
communication with Fred Hugo, 2006). Another difference is the fact that the MMLS3 is 
only one third scale and cannot develop very large stresses in layers deep below the 
surface, which makes it difficult to predict the behavior of multi layered asphalt 
pavements (Smit, et al 1999). 
There have been various studies done at places like Jacksboro (Smit, et al 1999), 
WesTrack (Epps, et al 2001), and the National Center for Asphalt Technology (NCAT) 
test track (Smit, et al 2003). In these studies, the results from loading by the MMLS3 are 
compared to results from the Texas Model Load Simulator (TxMLS) and to actual truck 
loading. The goal in these projects was to develop a model to predict the performance of 
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a pavement based on preliminary test results. This would allow engineers to try out 
various mix designs at a fraction of the cost of actually paving stretches of highway with 
them. 
There are established procedures for using the MMLS3 and in reporting the 
results. A consistency in results publications can help researchers across the country and 
across the world compare one pavement to another (Kruger 2004). The studies in which 
the MMLS3 has been run for 1,000,000 loading cycles or more show that rut 
development after the first 100,000 cycles is comparatively very slow (Smit, et al 1999). 
Therefore this project followed most of the conventions for MMLS3 testing including 
maximum number of cycles run, target test temperature, and frequency of profile 
measurements (Kruger 2004). 
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CHAPTER 2 
THE BAILEY METHOD 
Basic Theory 
The Bailey Method was initially developed by Robert Bailey, now retired, who 
worked with the Illinois Department of Transportation. The goal was to design a tool to 
help engineers better understand the mechanics of aggregate packing and its contribution 
to the compressive strength of asphalt pavement. The basic principle of the Bailey 
Method is that maximum compressive strength of an asphalt mix is best achieved when 
there is stone to stone contact of as many aggregate particles as possible. This allows a 
spreading of the load from the vehicle tire to the sub layers beneath the pavement through 
as many particles as possible, leaving no particle under utilized or unsupported. The 
proper stone to stone contact is achieved when the aggregate blend has a balance of 
coarse and fine particles. This means that the coarse particles are all touching with the 
voids between them neither under nor over filled with fine particles (Vavrik, et al. 2002). 
The theory of maximum particle compaction in the Bailey Method starts by looking 
at a two dimensional space in which all the particles are the same size and perfectly 
circular. It can be mathematically proven that the configuration for maximum density is 
achieved when all particles are touching six other particles at 60° intervals, as shown in 
10 
Figure 2.1. The spaces between these particles can be filled with circular particles with 
diameters 0.15 times the diameter of the large particles. Figure 2.2 illustrates this. 
Figure 2.1: Maximum Density Configuration of Uniformly Sized, Circular Particles 
Figure 2.2: A Fine Particle Filling the Gap Between Coarse Particles 
The Bailey Method accounts for the irregularity in particle shape by assuming that 
some of the faces touching the smaller particle are flat. As more of the large particles 
have flat faces, the gap between them grows, allowing a larger small particle inside it. 
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Figure 2.3 illustrates the increasing size of the small particle with an increasing number 
of flat faces along with the corresponding ratio of diameters of small to large particles. 
0 Flat Faces 
A 
d~0.15D 
1 Flat Face A 
d~0.20D 
2 Flat Faces 
d ~ 0.24 D 
3 Flat Faces A 
d~0.29D 
Figure 2.3: Particles Inside Gaps with Varying Number of Flat Faces 
Since the gap between any random three large particles contains an unknown 
number of round and flat faces, the Bailey Method uses an average of the four ratios: 
0.22. Although real aggregate is three dimensional, the method assumes that a particle 
diameter ratio of 0.22 is appropriate for normal aggregate particles, for the purposes of 
practicality. 
The Bailey Method uses this ratio of small to large particles to establish three 
sieves that separate the aggregate blend into coarse and fine sections. The Nominal 
Maximum Size Aggregate (NMSA) is the sieve size that is one higher than the first sieve 
to retain more than 10% of the aggregate blend. The Primary Control Sieve (PCS) is 
defined as the sieve closest to 0.22 times the NMSA. The Secondary Control Sieve 
(SCS) is defined as the sieve closest to 0.22 times the PCS, and the Tertiary Control 
Sieve (TCS) is defined as the sieve closest to 0.22 times the SCS. The Half Sieve is 
defined as the sieve closest to 0.5 times the NMSA. The Half Sieve is used for 
calculating aggregate weight ratios, which will be discussed later. Table 2.1 shows the 
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breakdown of control sieves for various NMSA sizes with all values in millimeters. For 
an NMSA of 12.5 mm, the Bailey Method allows using a calculated value for a fictitious 
Half Sieve of 6.25 mm instead of the closest normally used sieve, which is the #4 (4.75 
mm) sieve. The percent passing the 6.25 mm sieve is calculated by linear interpolation. 


















































These control sieves first separate the aggregate into coarse and fine parts, and 
then separates the fine portions further. Everything larger than the PCS in the blend is 
considered "coarse", and everything smaller is considered "fine". Within the fine portion, 
aggregate larger than the SCS is considered the coarse part of the fine aggregate, and 
smaller aggregate is the fine part of the fine aggregate. The TCS separates the fine part 
of the fine aggregate similarly. The aggregate smaller than the Half Sieve and larger than 
the PCS is the fine part of the coarse aggregate. The Bailey Method refers to these 











TCS SCS PCS Half NMSA 
Figure 2.4: Separation of Aggregate Blend into Find and Coarse Parts 
To achieve a balanced blend in a practical way, with enough coarse aggregate to 
form a complete skeleton and enough fine aggregate to fill in the gaps without over 
filling, it is necessary to know the density of the coarse aggregate. The Chosen Unit 
Weight (CUW) is a percentage of the measured Loose Unit Weight of the coarse 
aggregate. It indicates how much void space must be filled by the fine aggregate, which 
influences the distribution of the amount of aggregate in each section between the control 
sieves. The Bailey Method uses these weights to calculate three weight ratios that help 
the engineer better understand and predict how the aggregate blend will behave. These 
are the Coarse Aggregate (CA) Ratio, the Fine Aggregate - Coarse (FAc) Ratio, and the 
Fine Aggregate - Fine (FAf) Ratio. Table 2.2 shows the four Bailey parameters including 
the chosen unit weight, the three ratios, their equations, and their recommended limits. 












95% - 105% (for coarse graded mix) 
0.50 - 0.65 (for NMSA of 12.5mm) 
0.60 - 0.75 (for NMSA of 19mm) 
0.35 - 0.50 
0.35 - 0.50 
Each calculation uses the percent passing the control sieves 
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The CUW can affect the properties of the final asphalt mix by affecting the whole 
aggregate blend. Since the Loose Unit Weight represents the coarse aggregate under no 
compactive force, there are lots of spaces for fine aggregate to exist, meaning there will 
be more aggregate passing the PCS than in a denser configuration. Generally, a higher 
CUW means greater stone on stone contact for the coarse aggregate because it has been 
compacted to some degree. This means the blend will be stronger in compression and 
better at resisting ruts. However, it also means that the asphalt mix will be more difficult 
to compact. These effects combine to produce, in general, larger voids in the mineral 
aggregate (VMA). A lower CUW has the opposite effect: greater void space for fine 
aggregate, greater compactability, less compressive strength, and generally lower VMA. 
However, the final VMA of a mix will be determined by a combination of all the 
parameters. The influence of each can be numerically added together for a total predicted 







: Predicted Effect of Bailey Parameters on VMA 





Predicted effect on VMA 
+ 0.5% to + 1.0% 
+ 0.5% to+ 1.0% 
- 0 . 5 % to -1 .0% 
- 0 . 5 % to -1 .0% 
In the Bailey Method the coarse aggregate has a strong influence over the strength 
and workability of the final blend; therefore, it is important to understand the role of the 
interceptors. A configuration of coarse particles with maximum stone on stone contact 
would look like a three dimensional version of Figure 2.1. However the actual aggregate 
particles are neither perfectly spherical nor uniform in size, which leaves irregularly sized 
gaps throughout. Additionally, there are often not enough particles in the coarse portion 
of the coarse aggregate to make up a complete skeleton for the whole volume of the 
pavement. The interceptors can fill in the larger gaps and fill out the rest of the coarse 
aggregate skeleton. The CA Ratio compares these interceptors, the fine part of the coarse 
aggregate, to the coarse part of the coarse aggregate to indicate the behavior of the final 
asphalt mix. Generally, as the CA Ratio increases, the VMA also increases. However, 
problems can occur if the CA Ratio is too high or too low. 
If there are not enough interceptors, the CA Ratio drops below the prescribed limits 
and the Bailey Method predicts that the compacted asphalt mix may segregate. The 
Method does not give any mathematical support for this prediction, so it is assumed that 
it is made on empirical evidence. A pavement that has segregated has patches that are 
predominantly fine or coarse aggregate (Roberts, et al. 1996). Sections of mainly fine 
aggregate will have a higher tendency to rut, while the sections of coarse aggregate may 
be too porous or start to ravel and wear away. The interceptors are needed to fill in any 
large gaps to complete the coarse aggregate framework, keeping the density generally 
uniform throughout the pavement so there are no segregated sections. 
Another problem may arise when there are too many interceptors. If the CA Ratio 
is above the limits, then the interceptors push apart the large stones. The large particles 
from the coarse part of the coarse aggregate still contribute to the strength of the 
pavement, but their effectiveness is reduced because they are not touching each other. 
While the interceptors are still coarse aggregate, they are generally only half the size of 
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the very coarse particles. The extreme case is where the interceptors become the new 
"coarse aggregate" with voids that are too small for the particles passing the PCS. In this 
scenario, the fine aggregate pushes apart the interceptor frame, thus reducing the strength 
and promoting rutting. The very coarse particles are not very useful because they have 
relatively little support. 
The FAc Ratio compares the fine part of the fine aggregate to the coarse part of 
the fine aggregate, and the FAf Ratio in turn compares the coarse and fine portions of the 
fine part of the fine aggregate. As the fine aggregate fills in the gaps of the larger 
aggregate, it adds to the strength of the mix by providing support to the coarse aggregate 
and it brings down the Air Void (AV) ratio to an acceptable level. In addition, the finer 
portions of the fine aggregate act as a dry lubricant to the larger particles allowing easier 
compaction. These combined effects mean that as the FAc and FAf Ratios increase, the 
VMA of the final mix tends to decrease. The problems that can occur when either of 
these ratios is too high or too low are similar. 
If either the FAc or the FAf ratio is allowed to get too high, above 0.5, then the 
fine particles push their way between the larger ones, overfilling the gaps in the coarse 
aggregate. The result is a mix that can be too tender and easily deformable as the large 
particles slide around on their coating of tiny particles. Additionally, the AV and VMA 
may decrease to below their own limits. When the FAc or FAf ratios drop too low, then 
the small gaps are under filled. This causes the VMA to rise, but also deprives the mix of 
the lubricating effect of the fine particles, which may make it difficult to compact the mix 
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to the proper level. Improperly compacted pavement can have too many voids for water 
and air to invade, which can cause the asphalt binder to be stripped from the aggregate or 
allow excessive frost heaves in the winter. 
Designing Aggregate Blends with the Bailey Method 
The calculations given in the Bailey Method determine the volume of the voids in 
the coarse aggregate and put in just enough fine aggregate to fill those voids. Then the 
contributions of the coarse and fine aggregate are adjusted to account for any fine or 
coarse parts in each respective aggregate. Finally mineral filler is added as needed and 
final adjustments are made. Several pieces of information about the aggregate stockpiles 
are required: the Bulk Specific Gravity (Gsb), the Loose Unit Weight, the Rodded Unit 
Weight, and the grading. For any mineral filler in the mix, such as Bag House Fines, 
only the grading is required. The full calculations can be found in the Appendix 1. 
There are several input values that the engineer must chose and include in the 
calculations. These include the CUW, the contributions of each stockpile, and the desired 
dust content. For a coarse graded mix, the designer should select a CUW between 95% 
and 105%. This produces a blend in which the coarse aggregate dominates, yet is still 
loose enough for reasonable workability. A CUW less than 90% leads to a mix where the 
coarse aggregate is separated, leaving the fine aggregate to dominate. Altered limits are 
given for the weight ratios if the designer wants a fine graded mix in this way. According 
to the Bailey Method, a CUW between 95% and 90% produces a mix where coarse 
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aggregate is not dense enough to adequately dominate, yet doesn't provide enough space 
for the fine aggregate to adequately dominate. A CUW greater than 110% leads to a very 
dense configuration of coarse aggregate most commonly associated with a Stone Matrix 
Asphalt (SMA). Just as with a fine graded mix, alternate limits on the weight ratios are 
given for designers who want an SMA mix. 
Next, the designer chooses the initial contributions of the coarse and fine 
aggregate stockpiles. Since the amount of fine aggregate needed is not known until the 
approximate volume of the voids in the coarse aggregate is known, the initial 
contributions of all the stockpiles are not given as percentages of the whole blend. The 
contributions of the coarse stockpiles are inputted as percentages of the whole coarse 
aggregate and the fine stockpiles are inputted as percentages of the whole fine aggregate. 
Therefore all the coarse contributions add up to 100%, as do all of the fine aggregate 
contributions. The designer can expect the final blend contributions to closely match the 
input values. 
The final choice for the designer is the amount of dust material that is desired, as 
defined by particles smaller than 0.075 mm. This is limited to 3.5% to 6% for the entire 
blend. If the amount of dust provided by the coarse and fine aggregate stockpiles does 
not satisfy the requirement, then a mineral filler stockpile is added. The final 
contributions of the fine aggregate are adjusted to account for the added mineral filler. 
Filler is too fine to affect the final calculations for the coarse aggregate. 
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Once the calculations have been run, the engineer is left with a final aggregate 
blend that can be tested against the control points as prescribed by Superpave. The 
Bailey aggregate ratios can also be directly calculated and compared to the recommended 
limits. These calculations do not require the fabrication of any samples and can be 
iterated by a computer as many times as needed to find an acceptable blend. 
Additionally, when redesigning a blend, the Bailey weight ratios and CUWs of the old 
and new blends can be compared to have an idea of the expected change in VMA and 
behavior of the new mix design. 
To evaluate an existing mix design using the Bailey Method, the engineer must 
first ascertain the aggregate stockpile data including grading, bulk specific gravity, and 
loose and rodded unit weights. The calculations described above are performed with 
these data. The engineer varies the input parameters until the calculated aggregate blend 
matches the original mix design. The purpose is to find the chosen unit weight for this 
mix. If the chosen unit weight falls between 95% and 105%, then the mix is considered a 
coarse graded mix. If the chosen unit weight is found to be less than 95%) then the mix is 
considered fine graded, and if it is more than 105% then it is considered an SMA mix. 
The next part of the evaluation is to look at the three weight ratios, CA, FAc, and 
FAf, for the original mix design. The weight ratios are calculated directly from the 
original mix grading, not the calculated mix grading, and are compared to recommended 
limits. If the mix is coarse graded, then the calculations and limits stated in Table 2.2 can 
be used. If the CUW is low enough to put the mix in the fine graded range, there are 
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different calculations for the Bailey weight ratios. Basically, the grading above the 
coarse graded PCS, which is 0.22 times the NMSA, is ignored and the coarse PCS is 
considered the new NMSA. The control sieves are recalculated based on this fine NMSA 
and the weight ratios are calculated from the fine control sieves. The limits on the FAc 
and FAf ratios are the same; however, the limit for the CA ratio is changed to 0.6 to 1.0 
regardless of the original NMSA. 
Limitations of the Bailey Method 
The Bailey Method is mainly suited to design well graded asphalt mixes based on 
particle size distribution. It includes modifications to the ratio limits to accommodate 
fine graded mixes and SMA mix designs as well. However, the Bailey Method has a 
couple of limitations. These include accounting for aggregate properties other than size 
and how to include Recycled Asphalt Pavement (RAP). 
The Bailey Method mentions several different aggregate properties that affect 
performance including size, angularity, texture, and material strength. The calculations 
and procedures mainly use particle size to design the mix. There are various points 
where it cautions the engineer not to forget the other properties because they can affect 
the VMA despite the predictions of the Bailey Method. However, there are no 
calculations or procedures that describe how to account for these properties. The only 
time aggregate properties other than size play a practical role in the Bailey Method is by 
using the loose and rodded unit weights. This is because the configuration of the 
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aggregate particles by rodding or pouring is easily affected by shape and texture. 
Engineers that use the Bailey Method should compare the results of the calculations to 
their own experience and make a proper judgement call. 
Finally, the Bailey Method does not give very detailed provisions for working 
with RAP. The main reason RAP cannot be included as simply another aggregate 
stockpile is because there is often no bulk specific gravity or loose or rodded unit weight 
data for it. Although bulk specific gravity could be measured, it often isn't and might 
vary widely throughout the stockpile. Taking measurements on the rodded unit weight 
might be difficult since there is binder present in the aggregate. Additionally, the RAP 
may or may not fully blend with the virgin aggregate and binder making the grading 
approximate at best. Because of this, the Bailey Method states that the engineer should 
use only virgin aggregates in the calculations. The method directs the designer to add in 
the RAP at the end, using the RAP grading measured after binder extraction. The 
engineer should then adjust the virgin contributions so that the total combined grading 
has the same, or as close to the same, percent passing the PCS as calculated with the 
virgin aggregate alone. However, there is no mention as to how the virgin contributions 
should be changed and the preservation of the fine weight ratios is ignored. Additionally, 
when evaluating an existing mix designed with RAP, the calculations should be done on 
the virgin aggregate only and then adjusted to account for the RAP. Again, the method of 
adjustment is left to the engineer. 
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CHAPTER 3 
THIRD SCALE MOBILE MODEL LOAD SIMULATOR 
Overview 
The Mobile Model Load Simulator (MMLS3) simulates truck tires, at one third 
scale, driving over asphalt pavement. Unlike uniaxial testing, including dynamic 
modulus, strength, and fatigue tests, this kind of machine tests the performance of the 
asphalt mix directly with all the complex forces and factors acting at once. Additionally, 
this machine can simulate years of traffic loading in only a few hours. This kind of 
testing is more commonly known as accelerated pavement testing (APT). The MMLS3, 
with its accompanying accessories, is able to simulate various conditions, both in the 
laboratory and in the field. There are various advantages the MMLS3 has over other 
kinds of APT devices and several limitations as well. Figure 3.1 shows a picture of the 
MMLS3 on its test bed in the laboratory at UNH. 
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Figure 3.1: The MMLS3 
Accelerated Pavement Testing 
One of the main advantages of simulating real truck loads is that the expected 
behavior of the asphalt pavement in the road can be seen in the laboratory. Tests that use 
isolated loads, such as uniaxial loads, are good for testing certain single properties of an 
asphalt mix like dynamic modulus, strength, and resistance to fatigue failure. There are 
mathematical models that can use these properties to predict the pavement's resistance to 
certain types of damage under service loads in the field. However, a simulation is a good 
way to corroborate these separate tests. Additionally, the engineer can see which type of 
failure is most dominant under actual traffic loads. 
Since asphalt pavement is meant to last for ten to twenty years, its resistance to 
damage from traffic loading over a short time is very high. Therefore, the rate of loading 
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in APT is greatly increased. Asphalt is viscoelastic and behaves differently depending on 
loading rate and temperature. A high loading rate will cause asphalt to behave more 
stiffly. However, a high temperature will cause asphalt to behave less stiffly. The 
combination of high temperature and high loading rate somewhat cancel each other. 
Therefore, the asphalt can be loaded at a high rate without the stiffening effect. There is 
research in developing mathematical models to convert the test results from accelerated 
testing under the MMLS3 into predicted behavior in the field. However, for this project 
the results from the MMLS3 were only used for comparison purposes; no prediction is 
made for actual behavior in the field. 
Physical Structure and Capabilities 
The basic structure of the MMLS3 is shown in Figure 3.2. Four inflated tires are 
run repeatedly over the asphalt. These tires are part of a looped wheel train that is made 
up of eight bogies, which are the cars of this train. The train is driven by a motor at one 
end that turns a large drive drum. Small guide wheels on each bogie are pinched between 
the drive drum and a guiding arc. As the drive drum turns, it forces the guide wheels to 
roll, thus moving the whole train along. 
25 
Adjustable Leg 
(aka Jackscrew) Guide Rails 
Guide Wheel 
Tire 
Drive Motor for Lateral 
Displacement/ Wander 




"Skate Board" for Lateral' 
Displacement/ Wander 
Figure 3.2: Basic Structure of MMLS3 (MMLS3 Operators Manual, p. 5) 
A picture of a bogie with a tire and a schematic drawing, taken from the MMLS3 
service manual, are shown in Figures 3.3 and 3.4 respectively. The tire is approximately 
290 mm in diameter and approximately 80 mm wide. The tires are inflated with an inner 
tube to 700 kPa. The use of inflatable tires, and their internal pressure, were chosen by 
the MMLS3 designers to better simulate truck tires at one third scale. 
•t. • • ,.r..,r.... .• . I'-r.^tHBasm1"* . 1 <(L 
.M:M 
Figure 3.3: Close Up of Bogie with Tire 
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Figure 3.4: Schematic of Bogie with Tire and Suspension 
(MMLS3 Operators Manual, p. 10) 
The guide track along the bottom of the machine keeps the tires running over the 
same locations at the same height throughout the test. As the asphalt ruts, the surface will 
slowly move away from the tires over the course of the test. The suspension system for 
the tires was designed to minimize the change in vertical force as the asphalt surface 
changes. This is achieved by converting large deflections in the tire to small deflections 
in the horizontal spring. The deflection is reduced by using a large lever arm to hold the 
tire axle and a small lever arm to connect to the spring, as illustrated in Figure 3.4. The 
force that the tires apply is adjusted to 2.7 kN by lengthening or shortening the springs 
and using a detachable load cell to monitor the force, shown in Figure 3.5. Note the 
deflection of the tire as indicated by the 10 mm gap between the rubber stopper and the 
metal frame of the bogie. 
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Figure 3.5: Load Calibration Unit (MMLS3 Operators Manual, p . 11) 
The MMLS3 control unit supplies power to the machine and records its usage by 
means of a counter that shows how many tens of wheel loads have been run since it first 
began. A dial can adjust the speed of the machine from full stop up to two wheel loads 
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per second. The MMLS3 has the additional capacity to wander side to side to simulate 
traffic that does not always travel along the exact same path. The control unit has a 
separate power cord that connects to the wander motor on the side of the MMLS3. A 
user can input the magnitude of the wander from the display panel. Figure 3.6 shows the 









Figure 3.6: Control Unit for the MMLS3 
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There are several environmental simulation accessories that can be used with the 
MMLS3. The first is a dry air heating/ cooling unit. This unit blows air over the surface 
of the asphalt through two large vents that sit on each side of the MMLS3. One vent is at 
positive pressure and one is at negative so that the hot, or cold, air is recycled, reducing 
strain on the heating/ cooling unit. The dry air heater/ cooler is shown in Figure 3.7. The 
second item is a wet heater. This unit pumps hot water into the test bed or on the road 
surface. Much like the dry air unit, this heater recycles the hot water as much as possible. 
The wet heater is shown in Figure 3.8. 
Figure 3.7: Dry Air Heating/ Cooling Unit 
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Figure 3.8: Wet Heating Unit 
An environmental chamber can be assembled around the MMLS3 to preserve the 
asphalt temperature during testing. The chamber walls are made of thin sheets of metal 
with approximately 40 mm of insulating foam between them. They have spaces for the 
cables and dry air vents. Figure 3.9 shows the environmental chamber erected around the 
MMLS3. 
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Figure 3.9: The Environmental Chamber 
The MMLS3 test bed can hold nine bricks, each approximately 150 mm long, round 
face to round face, and 105 mm wide, cut face to cut face. Figure 3.10 shows a fabricated 
brick ready for testing. The test bed is 100 mm deep, so aluminum plates are used to 
raise the bricks to the top. On the bottom are the rectangular plates, 100 mm by 310 mm, 
that take up most of the height. On top of these are plates the same shape as the brick, but 
of varying thicknesses. These can be mixed and matched to bring the surfaces of all the 
bricks to the same level. The top plate is also the same shape as the sample brick and is 
10 mm thick with a textured surface to keep the brick from slipping during the test. 
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Figure 3.10: Sample Brick 
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Hot Water Chamber 
End Confining Plate 
Figure 3.11: The Test Bed 
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On either side of each set of three bricks were thick, curved plates, shown in 
Figure 3.10, to keep the bricks in line and to simulate confining pressure that the asphalt 
would encounter in an actual road. Screws, set into the walls of the test bed, push and 
keep these confining plates in place. On one end of the test bed is a flat confining plate 
with two large screws to provide confinement along the long axis. Around the test bed is 
a large bath that can hold water for wet testing. Additionally, there is a chamber directly 
under the test bed that can hold hot water. This chamber is designed to help raise and 
preserve the temperature of the samples without wetting them. 
In addition to performing tests in the lab, the MMLS3 can be taken into the field 
to perform APT directly on paved roads. The environmental chamber can be used 
outside, as well as the dry air heating/ cooling unit with its vents. The wet heater 
connects to a line of spray nozzles and suction vents to saturate the road with hot water. 
The profile of the asphalt surface is measured with a tool called a profilometer. It 
is approximately one meter long and can measure rats down to 40 mm from its set height 
with a sensitivity of 0.001 mm. The profilometer rests on two support rails that are 
permanently set in place during the course of a test. These support rails have grooves and 
dimples in them to ensure that the profiles are taken in the same places every time during 
testing. The height from which each profile is measured is kept constant by screws with 
locking wing nuts on the ends of the profilometer. The profilometer is connected, 
through its power supply unit, to a computer. A simple program on the computer allows 
the user to designate the file the data goes into and the measurement size and increments. 
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The profilometer drags a small metal wheel on a lever arm over the asphalt surface to 
measure the profile. Changes in the angle of the lever arm are converted to vertical 
displacement of the wheel. Figure 3.12 shows a diagram of the profilometer in place 
over rutted pavement. Figure 3.13 shows a close-up of the small wheel as a profile is 
being measured. 
Support Rail/ Index Bar' 
Set Screw Measuring 







Rut, 40 mm Max. 
Measurable Depth 
Figure 3.12: The Profilometer (P900 Profilometer Operators Manual, p. 20) 
Figure 3.13: A Profile Being Measured 
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Advantages and Disadvantages 
There are other kinds of APT machines in use including the Texas Model Load 
Simulator (TxMLS), the Hamburg Wheel Tester, and the Asphalt Pavement Analyzer. 
The Texas Model Load Simulator is a full scale model of truck tires driven over asphalt. 
The Hamburg Wheel Tester and the Asphalt Pavement Analyzer simulate wheel loads at 
a very small scale. The main advantage of the MMLS3 is that it is large enough to 
adequately simulate truck loads, yet small enough to be relatively portable. Additionally, 
the MMLS3, with its extra equipment, can simulate environmental conditions in addition 
to traffic loads. 
When simulating loads on asphalt, it is easier to create a scale model of the loading 
structure, in this case large trucks, than of the pavement. The asphalt mix cannot be 
easily scaled because any changes in the aggregate particle sizes will change the 
performance properties. Even if the aggregate blend could be scaled with predictable 
results, the asphalt binder's reaction to force and interaction with the aggregate cannot be 
scaled. Therefore, it is desirable to create a simulation of truck loads as close to their true 
size as possible. A full scale simulation matches exactly with the scale of the tested 
asphalt mix. At any lower scale, there will be a discrepancy that must be accounted for 
by modeling mathematics. The advantage the MMLS3 has over small APT devices like 
the Hamburg Wheel Tester and the Asphalt Pavement Analyzer is that it is closer to the 
scale of the asphalt than they are and it is easier to make a prediction on actual road 
performance from its results. 
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Although the MMLS3 is large and sometimes difficult to move, accommodate, and 
work with, it may be easier than using a full scale tester like the TxMLS. Large scale 
simulations require more asphalt pavement than small scale models, thus requiring more 
sample fabrication in the lab or the movement of the machine to the field. Additionally, a 
large testing machine requires more powerful machinery to simulate environmental 
conditions like heat and cold. 
One of the main disadvantages is using the MMLS3 in the field. While the MMLS3 
is much smaller than the Texas Model Load Simulator, it is still very large and heavy 
making it difficult to move around. Additionally, its associated heaters each require a 
different kind of power supply that often necessitates separate generators. The wet 
heater, in particular, requires 50 Hz power, which is uncommon in the US. When using 
the wet heater in the field there is considerable water loss, meaning that the heater may 
have to run for a long time to get the wet asphalt up to the required temperature. Even if 
there were no problems whatsoever with the set up of the MMLS3 and its associated 
equipment, a normal test can run for a long time. At two wheel loads per second, a test of 
100,000 wheel loads will take almost 14 hours to complete. Add to this the time for a 
number of profiles throughout the test, during which the MMLS3 is temporarily stopped. 
This would require a person to monitor the machine all day and into the night. 
Furthermore, testing schedules can be thrown off if parts need to be ordered and replaced 
due to mechanical wear and tear. Regular care and maintenance can help to prevent 
unexpected problems of that nature. 
CHAPTER 4 
MATERIALS AND METHODS 
Overview 
The New Hampshire Department of Transportation (NHDOT) provided six mix 
designs for this research project. These mix designs were chosen as representative 
asphalt mixes that are commonly used throughout New Hampshire. Half of these designs 
used gravel stone and half used fractured rock. In each half, one mix design incorporated 
RAP. Table 4.1 summarizes the six original mix designs. Full details for each is 
provided in Appendix 3. After testing the samples from these six mix designs, three were 
redesigned according to the Bailey Method. An additional two MMLS3 tests were run on 
field cores taken from Route 25, between Effingham and Freedom in New Hampshire, 



































































*This is total AC. The RAP AC and Virgin AC for the mixes containing RAP are 
detailed later. 
Materials 
The mix designs Oss 12.5, Oss 19, and Farm all used gravel stone as the virgin 
aggregate. This kind of aggregate generally has rounded, smooth faces with few flat and 
elongated particles even when crushed. The Cont 12.5, Cont 19, and Hook mix designs 
used fractured ledge rock as virgin aggregate. As opposed to gravel stone, this aggregate 
is angular and often rough with more flat and elongated particles. The Farm and Hook 
mix designs used 7/16" processed RAP. All known details about these aggregates 
stockpiles including grading, specific gravities, and unit weights are listed in Appendix 3. 
Each of the four asphalt mixing plants, listed in Table 3.1, provided both 
aggregate and asphalt binder for the mix designs that were selected from those locations. 
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The majority of the materials were acquired in June and July of 2004, and additional 
materials were gathered in the subsequent years as needed. The additional aggregate 
appeared to have the same properties as the original aggregate. In accordance with 
AASHTO T-2-91, a loader laid mats of aggregate from scoops at various heights of the 
stockpiles and workers filled the barrels from the mats either by loader or by shovel. The 
aggregate from the Pike plants were stored in covered, plastic barrels while the aggregate 
from the Continental plant in Londonderry was stored in open-top, steel barrels. Rust and 
debris that collected in the steel barrels were removed as much as possible when the 
aggregate was used; any remaining amout of fine rust particles was assumed little enough 
to have a negligible effect on the final results. The binder was taken directly from the 
holding tanks connected to the plant mixers and stored indoors in lidded, steel buckets. 
Methods 
Overview 
The project was carried out in two main stages. The first involved testing samples 
fabricated from the original mix designs provided by the NHDOT. The second involved 
redesigning three of the original mixes and testing samples fabricated from these new 
designs. In each stage, the fabrication process was the same with only a few changes 
over the course of the project. In stage two the mixes were redesigned according to the 
Bailey Method as described in Circular E-C044. After the aggregate blend was 
established, the asphalt content was determined according to Superpave. For both stages, 
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the samples were tested using the MMLS3. The method of testing was modified in a 
couple of ways over the course of the project. 
Fabrication 
For each mix design, both original and new, at least two small samples were 
fabricated for theoretical maximum specific gravity (Gmm) measurements, and at least 
seven samples were fabricated for testing in the MMLS3. The basic procedure of 
fabrication was as follows: 
1. Aggregate Sieving 
a. Dry the unsieved aggregate for at least 8 hours. 
b. Sieve the aggregate. 
c. Store all the aggregate in buckets. 
2. Sample Mixing 
a. Batch each sample according to their respective mix design recipes. 
b. Heat the aggregate at mixing temperature for at least 8 hours prior to mixing. 
c. If RAP was used 
i. Measure out required amounts for each sample in separate containers, 
ii. Put RAP in the oven at mixing temperature 2 hours before mixing. 
d. Measure out enough binder to mix all samples in one session. 
e. Heat binder to mixing temperature on a hot plate approximately 30 to 60 
minutes before mixing. 
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f. Put aggregate in the mixing container and record its mass. 
g. If using RAP, put RAP in the mixing container and record the new mass, 
h. Calculate the required mass of binder. 
i. Put the binder in the mixing container and record the mass of the binder alone, 
j . Mix the sample. 
k. Put the asphalt mix in a separate pan and record its final mass. 
1. Put the completed mix in the oven for 2 hours at aging temperature, 
m. If the sample was intended for Gmm measurement, this ends the fabrication. 
3. Compaction and Cutting 
a. Heat the compaction molds at aging temperature at least 2 hours prior to 
compacting. 
b. Put the mix into the compaction mold. 
c. Compact the asphalt in the IPC Servopac gyratory compactor. 
d. Extract the sample and allow to cool. 
e. Measure the air voids of the uncut sample. 
f. Cut the sample into a usable brick for the MMLS3 test bed. 
g. Measure the air voids of the cut brick. 
There were several changes to the details of this process since the beginning of 
the project. These changes include the sample sizes used, the method of drawing a small 
portion of binder for mixing, the calculation of required binder mass for mixes with RAP, 
and the method of mixing. With regards to sample size, the original method of Gmm 
measurement used a pycnometer according to AASHTO T-209-05, and required a 2000g 
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sample. Later, the Gmm was measured using the CoreLok machine and required only a 
1500g sample. The first several MMLS3 test bricks were made from large samples, 
batched to 4500g, that were cut in half. However, approximately 50% of these bricks had 
unacceptable air voids, so later bricks were batched to 2250g and compacted to nearly 
half the height of the original samples. By compacting each brick separately, the 
percentage of acceptable bricks increased. 
The original method of separating out asphalt binder for mixing involved heating 
the whole bucket at approximately 100°C until enough binder, anywhere from 200g to 
1500g, had melted and could be poured into a small can. Sometimes this took 2 hours. 
Since constant reheating endangered the binder properties, a new method was employed 
that involved using a couple of hot spoons to scoop cold asphalt into a can. Although 
there was no observed impact on the samples fabricated with the previous method, the 
change in measuring out binder was made in the interest of prudence. 
Equation 4.1 was used to calculate the required mass of binder for a given mass of 
virgin aggregate: 
Mh =Ma 
o a K\W-PbJ 
(4.1) 
Where: 
Mb is the mass of the binder to add to the mix 
Ma is the mass of the aggregate in the mixing bucket 
Pb is the binder content 
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This formula is based on the assumption that the binder contents given on the mix 
design sheets provided by the NHDOT were a percentage of the final mix mass. The mix 
designs that contained RAP listed a total binder content (Pb,totai) and a virgin binder 
content (Pb,v). It was assumed that both of these binder contents were also given as a 
percentage of the total mix mass. The mass of the virgin binder for each RAP mix was 
calculated with Equation 4.1 using the virgin binder content for Pb and the combined 
mass of the virgin aggregate and the total RAP, with its own aggregate and binder 
included, for Ma. 
For the Farm-Bailey mix, the Superpave procedure was used to design the asphalt 
content. However, Superpave only gives calculations for virgin materials and makes no 
mention of how to design for a mix with RAP. Therefore, only the data for the virgin 
aggregate (Gsb, Gsa, and aggregate contributions) were used to calculate Pb,totai- The mix 
designs for Farm and Hook were examined to learn the equation to calculate Pb)V from 
Pb,totai- It was discovered that the binder contents for these mixes were not percentages of 
the final mix mass, as previously assumed, rather percentages of the batched mass, which 
included the virgin aggregate and total RAP. Therefore, Equation 4.2 was used to 
calculate Pb,v from Pb,totai- Equation 4.3 was used to calculate the mass of the binder for 
each sample of the Farm-Bailey mix design. 
•Tb,v ~ *b,total ~ *,b,RAP[ T p n T (4-2) 
Mb =(M t+MjuA — (4.3) 
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Where: 
Pb.totai is the total binder content 
Pb,v is the virgin binder content 
PI>,RAP is the RAP's binder content 
PRAP is the percent of RAP in the total blend 
Mb is the mass of the binder to add to the mix 
Ma is the mass of the virgin aggregate 
MRAP is the mass of the RAP 
The method of mixing changed twice. In the beginning of the project, right after 
a sample was mixed a small amount of the material was removed until the final mass 
equaled the mass of the originally batched aggregate. This caused many fluctuations in 
volumetrics. The solution was to simply leave all the material in the sample after mixing. 
Thus a sample that started with 4500g of aggregate might end up as a 4720g sample after 
adding the binder. The second change was to use a dummy mix at the beginning of each 
session. Every time asphalt is mixed, material is unavoidably lost when it gets stuck in 
the grooves and sticks to the insides of the mixing bucket. Therefore the mass of the first 
sample mixed in each session ended up approximately 30g lower than all the other 
samples. The solution was to make the first sample a dummy sample that was then 
discarded. 
Field Core Sample Preparation. The asphalt from which the cores were taken was paved 
in two layers. The surface layer used the Oss 12.5 mix and the base layer used the Oss 19 
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mix. Nine 150 mm diameter cores were sent by the NHDOT. One of these was too 
damaged to be used. Of the eight remaining cores, four separated into their respective 
layers of their own accord. The other four were cut with an asphalt saw at the interface 
of the two layers. The change in layers was determined by visually comparing the 
coarseness of the asphalt in the core. The bottom of each base layer was cut off to make 
a smooth face on each side. Finally the sides were cut off to make each sample into a 
brick that would fit in the MMLS3 test bed. 
Volumetric Measurement 
The Gmm was measured with a pycnometer, according to AASHTO T-209-05, 
for the Oss 12.5, Oss 19, Cont 12.5, and Cont 19 mix designs. The CoreLok machine, 
manufactured by InstroTek, Inc., was used to measure the Gmm for the Farm, Hook, Oss 
12.5-Bailey, Cont 19-Bailey, and Farm-Bailey mix designs. The CoreLok was employed 
because it was much easier to work with and retained accuracy. The method outlined by 
the CoreLok manual is as follows: 
1. Measure the combined mass of the 2 bags involved. 
a. The correction factor for the bags, Cbag, was given in the CoreLok manual as 
0.903. 
2. Measure the mass of the dry asphalt concrete. 
a. This was calculated as the difference between the mass of the asphalt in its 
pan and the mass of the pan alone. 
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3. Put the loose asphalt concrete into the smaller bag, which then goes in the larger bag, 
and lay in the CoreLok chamber. 
4. The CoreLok vacuums the air out of the bags and seals the larger one. 
5. Immerse the sealed bag in a water bath at 25°C and open them under water. 
6. Record the mass of the asphalt concrete in the two bags under water. 
Once the measurements were taken, the Gmm was calculated according to Equation 4.4: 
GL=- ' asphalt,dry 
(M + M -M 
bag,dry 1YX asphalt,dry ly± total,sub 
V M bag,dry Cu 
(4.4) 
Where: 
MaSphait,dry is the mass of the dry, loose mix 
Mbag,dry is the combined mass of the bags before they are used 
Mtotai,sub is the mass of the loose mix in the bags under water 
Cbag is the correction factor for the bags 
The bulk specific gravity (Gmb) was measured using the Saturated Surface Dry 
method, as detailed in the AASHTO T-166-05 test, for all samples. There was one 
change in the method of measuring the Gmb, although when this change took place is not 
recorded. In earlier measurements the water bath was left at room temperature, which 
was between 20°C and 28°C, whereas in later measurements the temperature of the water 
bath was checked and adjusted to 25±0.2°C. Since the density of water only changes by 
0.002 g/cm3 from 20°C to 28°C, the affect of not adjusting the water temperature on 
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previous samples was assumed to be insignificant. Appendix 4 lists the results from all 
of the volumetric measurements. 
MMLS3 Testing 
The asphalt sample bricks for the MMLS3 were compacted to cylinders 150 mm 
in diameter. Once the cylinders were ready, the sides were cut off using one of the 
spacing plates as a guide. The final result is shown in the Figure 4.1. The samples that 
were initially batched to 4500 g, the Oss 12.5, Oss 19, and Cont 12.5 mix designs, were 
also cut in half to make two samples approximately 58 mm tall. The bricks were oriented 
so only the compacted, uncut faces were driven on by the loading tire. 
Figure 4.1: A Compacted Sample, a Brick, and the Cutting Template 
In preparation for the tests, the MMLS3 was checked and calibrated. The belts 
were checked and bearings greased periodically. For load calibration, the tires were 
inflated fully to 700 kPa and locked in place under the calibration unit. The piston 
connected to the load cell was cranked down to push on the tire, deflecting it enough to 
make a 10 mm gap between its rubber stopper and metal frame as shown in Figure 3.5. If 
the force applied at this level of deflection was not 2.7 kN, the tire was released and the 
suspension springs were compressed more or less as needed to adjust the load. This load 
calibration was only done a couple of times a year, typically after replacing a tire, since 
the springs held their stiffness and moved little. After calibrating the load on all the 
wheel bogies, the MMLS3 was leveled to a proper height above the samples to ensure 
that 2.7 kN of force was applied evenly to all samples. This was done by lowering or 
raising the machine on its four adjustable legs until the measured gap between the rubber 
and steel was roughly 10 mm when the tire was at the ends and middle of the test bed. 
Stop nuts were placed on the bottoms of the legs to indicate the proper height of the 
MMLS3 each time it was lowered. Before each test, the tires were inflated to less than 
700 kPa. The amount of inflation depended on the air temperature before the test and the 
target temperature during the test. The formula for tire inflation from the MMLS3 
manual is shown in Equation 4.5. 
.P = 700 ^273 + Q 
v273 + r , y 
(4.5) 
Where: 
P is tire pressure in kPa 
Ta is the air temperature before the test in Celsius 
Tt is the testing temperature in Celsius. 
49 
Although the MMLS3 test bed can hold nine bricks, only seven sample bricks 
were used. There is some abnormal loading on the first and last bricks in the test bed 
because the transition is not always smooth as the tires roll off and then on the metal 
guide ramps (personal communication with Fred Hugo). Therefore the end spaces were 
filled with dummy bricks only. The seven sample bricks were randomly ordered for 
some of the tests; for the other tests the bricks were kept in fabrication order to simplify 
record keeping. The top surfaces of the bricks were brought to a relatively even level 
with the tops of the confining plates on either side of the samples to within 3 mm over the 
length of the test bed. 
The asphalt temperature was monitored with thermocouples connected to Hobo 
Type J data loggers that were imbedded in the dummy bricks and placed between the test 
bricks. Figure 4.2 shows an illustration of the samples in the test bed with the locations 
of the thermocouples. The dry heating unit had its own thermocouple to monitor and 
adjust the heating that was placed near the middle of the test bed. For the tests on the 
original six mixes, the heater's thermocouple and an additional thermocouple connected 
to a data logger were left in the air next to the sample bricks. The temperature for 
MMLS3 tests should not vary by more than 2°C above or below the target temperature 
(Kruger 2004). Therefore, during the tests for the redesigned mixes, the heater's 
thermocouple was put between the bricks in the middle of the test bed to reduce 
temperature variation over the course of the test. While this did reduce some of the 
temperature variation, it did not reduce it to the suggested level. 
Figure 4.2: Test Bed Configuration 
Once the samples were put into the test bed with the thermocouples installed, the 
confining screws were tightened. The confining screws on the sides were hand tightened 
only and set in place with locking nuts. The confining plate on the end was tightened by 
wrench and set in place with locking nuts. At this point, the samples were ready for 
initial profile measurements to be taken. 
The profiles were measured close to the middle of each sample, parallel to the 
brick's long axis, which was perpendicular to the path of the loading wheels as shown in 
Figure 4.2. The profiles were measured over 200 mm at 5 mm increments. This took in 
the entire 150 mm length of each brick with 25 mm extra on each side to account for any 
heave and/ or over flow that might occur. The first profile was measured before any 
wheels were driven over the samples. 
After looking at the profile data for tests run on the first few sample sets, the 
rutting that occurred within the first 1000 loading cycles seemed excessive. Therefore a 
seating load was applied to the bricks after the initial profile and before starting the first 
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1000 wheel loads. However, this observation and decision was made after the Oss 19 
bricks had already been tested and new bricks from this mix design were not retested. 
Chapter 5 discusses the adjustment of the data for this test. 
For the seating load, the MMLS3 was set in place over the test bed and lowered to 
allow the tires to apply their full force on the samples. The loading tires were slowly 
driven over the bricks between 10 and 20 times to fully seat them in place. While the 
samples may or may not have been heated at this point, no noticeable deformation 
occurred during this seating load but the bricks were pushed down and leveled out by a 
few millimeters. After the seating load was applied, the MMLS3 was raised up to make 
room for the profilometer. Profiles of the samples in their fully seated condition were 
used to normalize the rest of the profile data. 
When it was time to heat the asphalt bricks, the environmental chamber was 
assembled around the MMLS3 and test bed. The air vents connected to the dry heater 
were inserted into the openings on the sides of the chamber. The dry heater was turned 
on and left to run for at least 5 hours to bring the sample bricks up to 60°C. This 
temperature was chosen to match other MMLS3 tests done (Epps 2001). During the 
initial heating, the MMLS3 was left raised up so that no force was applied to the samples. 
Once the asphalt bricks had been heated and the seating load profile measured, the 
test began. The MMLS3 was first lowered onto the samples and then started up. The 
loading tires were driven over the samples at a rate of 2 tire passes per second. After 
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1000 wheel loads, the MMLS3 was stopped and raised up, the heater was turned off, and 
the blower vents were removed to make room for profilometer measurments. The total 
time for each of the profiles, from stopping the MMLS3 to starting it up again, was 
approximately 30 minutes. Since the heater was off during the profile measurements, 
there was some heat loss, but the temperature typically stayed above 45°C for the first 
several thousand cycles when the profiles measurements were closest together. 
The MMLS3 applied 100,000 wheel loads in each test and profiles were taken at 
1000, 2000, 4000, 8000, 16000, 30000, 50000, 75000, and 100,000 wheel loads. The 
profile measurements were more closely spaced at the beginning of each test because the 
asphalt deformed non-linearly at this phase. After approximately 16000 or 30000 wheel 
loads, the deformation became slower and more linear. At the end of the test, when the 
final profile after 100,000 wheel loads had been measured, the samples were allowed to 
cool and then removed from the test bed. Table 4.2 summarizes the test parameters for 
the MMLS3 tests. 





Total Applied Load 
Profile Measurements 















Bailey Method Design and Evaluation 
The three mixes that were redesigned according to the Bailey Method were Oss 
12.5, Cont 19, and Farm. The first step of the process involved collecting all of the 
relevant data for the aggregates used, including measuring the unit weights. The next 
step was to run through the design calculations to find a suitable aggregate blend. In the 
third step the asphalt contents were determined according to the Superpave method and, 
finally, bricks were fabricated for testing in the MMLS3. The aggregate data, Bailey 
calculations, Matlab programs, and mixing and design data are all listed in Appendix 1. 
The Bailey Method requires the gradings for the aggregate stockpiles, the 
aggregate bulk specific gravities (Gsb), the loose and rodded unit weights of the coarse 
aggregate, and the rodded unit weights of the fine aggregate. The gradings and Gsb's 
were provided by the asphalt plants. The loose and rodded unit weights were measured 
by following the procedure in the AASHTO test T-19. The only deviation from T-19 was 
in preparing the samples for measurement. Instead of using a splitter, as called for in test 
T-248, which is referenced in section 6 of test T-19, the samples were simply batched to a 
size approximately 125% of what was needed to fill the measuring containers. 
As described in Chapter 2, there are several input values for the Bailey 
calculations that must be chosen by the designer. These include the chosen unit weight 
(CUW) of the coarse aggregate, which is a percentage of the loose unit weights, the 
desired dust, and the relative proportions of the coarse and fine aggregate stockpiles. All 
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three mixes were meant to be designed as coarse, well graded mixes, so the CUW was 
kept between 95% and 105%. The design for Cont 19-Bailey was done manually on a 
spreadsheet, while the Oss 12.5-Bailey and Farm-Bailey aggregate blends were designed 
with a Matlab program that was written to make future designs easier. In each case the 
input values were altered until the best design was found. The best designs had gradings 
within their respective control points, out of their respective restricted zones, and were as 
close as possible to the target values for the Bailey weight ratios: CA, FAc, and FAf. The 
target values were the average of the upper and lower limits for each ratio, which were 
dictated by the NMSA of the mix design. 
The Farm-Bailey mix was designed by choosing a set percentage of RAP, 15%, 
and running the Bailey calculations on the virgin aggregate only. The resulting 
contributions of the virgin aggregate were reduced by 15% to allow room for the RAP. 
The final combined grading was then tested against the control points, restricted zone, 
and target weight ratios. This process was slightly different from the one described in the 
Bailey Method, because the design program did not aim to keep the percent passing the 
PCS close to the same value both before and after adding RAP. 
Once the aggregate blends were completed and the asphalt contents were 
determined, seven bricks were fabricated for each of the Oss 12.5-Bailey and Cont 19-
Bailey mix designs. The completed bricks were stored in sealed, plastic bags until tested. 
No bricks were fabricated for Farm-Bailey because the final volumetrics for that mix 
design were out of range as dictated by Superpave. 
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The original mix designs, Oss 12.5, Cont 19, and Farm, were evaluated according 
to the Bailey Method as described in Chapter 2. In general, the percent aggregate 
contributions in the blend calculated by the Bailey Method are very close to the percent 
contributions used as input values. This meant that the input values for the aggregate 
contributions could be locked as constants to match those of the original blend, so only 
the CUW and desired dust would have to be varied. In this way, an approximate value 
for the CUW was calculated manually using a spread sheet before the Matlab programs 
were run. The Matlab program iterated through all possible combinations of input values 
from 10 below the initial estimates of CUW and aggregate contributions to 10 above. 
The optimum set of input values produced a calculated blend that closely matched the 
original blend, meaning sum of the absolute values of the differences between the 
calculated and original blends was the lowest it could possibly be. Appendix 1 shows the 
calculations for the Bailey evaluations including the gradings and weight ratios. 
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CHAPTER 5 
RESULTS AND DISCUSSION 
Results 
Overview 
A total of eight mixtures were tested using the MMLS3. Six of these mixtures are 
currently in use in New Hampshire. Three of the ones currently used were redesigned 
according to the Bailey Method; however, the redesigned RAP mix did not pass the 
Superpave criteria, thus was not tested under the MMLS3. Two sets of field cores were 
also tested with the MMLS3. These used the Oss 12.5 and Oss 19 mix designs. Table 
5.1 summarizes the mixtures tested in this project. 
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Table 5.1; Summary of Mix Designs 
Mix Designation 
Original Mix Designs 
Oss 12.5 














Gravel Stone w/ RAP 
Fractured Rock w/ RAP 
Gravel Stone 
Fractured Rock 





















Original Mix Designs 
Figures 5.1 and 5.2 show the gradings for the original six mix designs. The 
horizontal axes show the the sieve sizes in millimeters, but are scaled to millimeters 
raised to the 0.45 power. The percent passing each sieve size is on the vertical axis. The 
higher a graphed line is on this chart, the finer the grading is. Full details, including 
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Figure 5.2: Gradings for Mixtures with Fractured Rock 
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Volumetrics. The theoretical maximum specific gravities (Gmm) for the Oss 12.5, Oss 
19, Cont 12.5, and Cont 19 mix designs were measured with a pycnometer according to 
AASHTO T-209-05. The Gmm's for the Farm, Hook, Oss 12.5-Bailey, Cont 19-Bailey, 
and Farm-Bailey mix designs were measured with the CoreLok according to a different 
method, as discussed in Chapter 4. The bulk specific gravities (Gmb) for all the mix 
designs were measured according to the SSD method in AASHTO T-166-05. The bricks 
for the Oss 12.5, Oss 19, and Cont 12.5 mix designs came from large samples (batched to ' 
4500g) that were cut in half. The T or B in the brick identification indicates whether it 
came from the top or bottom of the originally compacted sample. For all the other mix 
designs, there was only one brick from each compacted sample, which was batched to 
2250g. Tables 5.2 through 5.7 list the Gmm, Gmb, the percent air voids (AV), the voids 
in the mineral aggregate (VMA), and the thickness of each of the seven sample bricks 
tested in the MMLS3 for each mix design. The sample bricks were chosen based on their 
AV, which had to be between 3.5% and 4.5%. The bricks are listed in the order in which 
they were laid in the test bed (meaning the first brick in the list was the first one to feel 
the tire). 


































































































































































































































* Data file lost 
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* Used VMA formula for AC as a percent of the total mix mass (SP-2, p. 43), 
because that's the way the bricks were fabricated. 















































* No Gsb data available for the aggregate stockpiles, so VMA could not be 
calculated. 
MMLS3 Test Results. The seven sample bricks for each mix were put in a line in the test 
bed under the MMLS3. Profiles were measured near the middle of each brick, 
perpendicular to the wheel path, as shown in Figure 4.2. The range of each profile was 
200 mm, which covered the full 150 mm width of the brick plus 25 mm on each side to 
account for any heave or over flow during the test. The ruts in all the bricks developed in 
similar ways; a typical set of profile measurements is shown in Figure 5.3. Appendix 6 
has the data and graphs for all the profile measurements for all the bricks in all the tests. 
The profile measurements were normalized to the seating load profile so that it lies along 
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a flat line at a height of 0 mm. The horizontal axis represents the transverse position 
along the brick in millimeters and was moved to the bottom of the graph for convenience. 
The vertical displacement in millimeters is represented on the vertical axis; a negative 
displacement is a rut and a positive displacement is a heave. The legend indicates the 
number of wheel loads that had been run up to each respective profile measurement. 
Generally, as more wheel loads were run, the rut got deeper and the heave got higher. 
Figure 5.3 shows the profile measurements for the middle brick, in the No. 5 position, for 
the Oss 12.5 MMLS3 test. 
Figure 5.3: Surface Profile Measurements for 012.5M-8B 
This graph is exaggerated in the vertical direction to clearly show the vertical 
displacements. The jaggedness of the profiles of the rut, especially in later profiles of the 
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test, is a result of large aggregate particles. Each time a wheel rolls over the asphalt it 
takes away a small amount of binder and whatever fine aggregate is stuck to that binder. 
Additionally, since the fine aggregate portion of the aggregate blend is the most 
deformable, the small particles are pushed down more than the large particles during 
rutting. The combination of wear and deformation result in the coarse aggregate being 
more and more exposed as the test continues. 
The profiles after 30,000 loading cycles appear to have more material pushed up 
in the heave than pushed down in the rut. In reality, the volume of the asphalt pushed 
down is approximately equal to the volume pushed up because the brick is wider where 
the rut it and narrower where the heave is. This causes the heave to be larger than it 
would normally be in a field test. 
There are three ways to condense the data from these profiles. The first is to 
average the measured rut depth over a certain range to minimize the effects of individual 
aggregate particles. The second is to use the maximum rut depth, meaning the deepest 
point of the graph. These first two methods measure the rut from the normalized base 
line, which is the seating load profile. The third is to measure the rut from the top of the 
heave. This last method uses the data normalized to the seating load profile, then 
measures the distance from the highest point to the lowest on the graph. The advantage 
of using one of the first two methods is that data can be easily compared between 
separate bricks and separate tests since all the measurements are taken from 0 mm 
vertical displacement. The advantage of the third method is that it better relates to 
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measurements of ruts in the field. There is no indication of the location of the original 
surface of the road after years of enduring traffic, so ruts are measured from the top of the 
heave. Since the heave that develops from testing bricks under the MMLS3 test is 
exaggerated, a correction factor should be used. Figure 5.4 illustrates the three methods 
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Figure 5.4: Three Methods of Condensing Rut Data from Profile 
The range for the average rut depth is from 80 mm to 130 mm. This range was 
chosen by visual analysis of all the profile graphs. There appears to be a generally 
consistent shift to the right of the rut zones on all the profile graphs. This indicates that 
the tires were not rolling directly along the center of the bricks. The reason for this is 
most likely that the bricks were positioned slightly off center when the confining plates 
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were tightened in place. A width of 50 mm was chosen to exclude the steep slope on the 
sides of the rut for as many of the profiles as possible. 
A few of the profiles were skewed when the ruts were very deep and the heaves 
were very large. The profilometer uses a small wheel on a comparatively long lever arm 
to measure the rut. When there is a large enough heave, the asphalt pushes the lever arm 
up, lifting the wheel off the surface of the asphalt. This shows up as a large hump that 
extends into the rut zone on the graph. For these profiles, a modified range was chosen 
for the average rut depth. Figure 5.5 shows an example of this case in the third brick 
from the Cont 12.5 test. The profile at 75,000 wheel loads is graphed to show the full 
range of the rut zone. The profile at 100,000 wheel loads was the anomalous case. 
Figure 5.5: Modified Range for Average Rut Depth 
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The rut depth measurments from each transverse profile can be combined into a 
longitudinal profile showing how the rutting developes along the length of the test bed. 
The data and graphs for all the MMLS3 tests, using all three methods, are in Appendix 6. 
The absolute value of vertical displacement in millimeters is represented on the reversed 
vertical axis. The horizontal axis represents longitudinal position in millimeters 
measured from the end of the brick in position No. 1. The axis is divided into increments 
of 105 mm, to reflect the width of a brick. The locations of the data points are assumed 
to be exactly in the middle of each brick. No data is given for the bricks in positions No. 
1 and No." 9 because they were filled with dummy samples. All the sample sets had 
similar longitudinal profiles. Figure 5.6 shows a typical graph: the Oss 12.5 profile using 
the maximum rut depths measured from the base line. 
Figure 5.6: Longitudinal Profile of Oss 12.5 Bricks, Max Rut Depth 
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Each point on this graph represents the maximum rut depth one brick developed 
at one point in the test. A few general trends among the results from all the tests can best 
be seen from the longitudinal profiles. Firstly, the rutting in the first few samples was 
usually deeper than at the end. It is possible the MMLS3 delivered a particularly hard 
downward force when it first rolled onto the test bed, or there might have been some 
bouncing in the wheel as it came off the guide ramp. Another anomaly seen in the 
longitudinal profiles was comparatively little rutting in several samples in the middle of 
the test bed. This may have been due to shoving since a few of the longitudinal profile 
graphs show humps directly following a deep rut. Similar deformations can be seen on 
roads where truck wheels make a dent in the pavement, shoving the asphalt in front of it. 
The longitudinal data can be further condensed into an average value for all bricks 
at a particular number of loading cycles in the test. The average rut values are plotted 
against the number of loading cycles. Figures 5.7 through 5.12 show the graphs of 
average rut depth verses loading cycles for the MMLS3 tests for all six of the original 
mix designs. The horizontal axes represent loading cycles, or wheel loads. The vertical 
axes represent rut depth in millimeters. All the vertical axes span the same range to make 
visual comparison easier. Each plot shows three graphed lines, each representing a 
different method of condensing the rat data from the transverse profiles: maximum rut 
measured from the maximum heave (the top line in each plot), the maximum rut 
measured from the base line (the middle line in each plot), and the average rut measured 
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Figure 5.12: Rut Depth vs. Loading Cycles for Hook 
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The target temperature for each of these tests was 60°C. However, a consistent 
temperature was not maintained throughout each test for two reasons. Firstly, the dry 
heater's thermocouple wire was left in the open air rather than imbedded in the asphalt. 
This meant that the heating unit's control circuit only accounted for the hot air and not for 
the extra heating caused by the action of the MMLS3. Thus, some of the tests rose above 
60°C during the last half. Leaving the thermocouple wire exposed also caused greater 
fluctuations in the temperature, causing the saw tooth pattern shown in Figure 5.13. 
Secondly, the bricks cool down during profile measurements because the heater is turned 
off and the environmental chamber is opened up to make room for the profilometer. 
After each set of profiles were measured, the samples were not brought back up to the 
target temperature before the next set of loading cycles were run. This caused the 
temperature during the first 16,000 loading cycles to be below average for the test. All of 
the temperature readings were similar; a typical graph is shown in Figure 5.13. The dark 
lines are the temperature readings from the thermocouples imbedded or between bricks. 
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Figure 5.13: Temperature over the Course of the Cont 19 MMLS3 Test 
Since the brick temperatures at each profile measurement varied within a single 
test, and since the brick temperatures at corresponding profile measurements varied from 
test to test, a method was developed to try to normalize the rut measurements with respect 
to temperature (Singh, 2007). This method uses a factor based on the modulus of the 
asphalt at the average brick temperature when the profiles were measured and the 
modulus of the asphalt at 50°C. The factors are applied to the additional rut depth from 
one point in the test to the next. However, this method uses calculated approximations 
for the shear modulus of the binder and the dynamic modulus of the mix instead of 
measured values. The adjusted rut depths were calculated for all of the tests except Hook 
because there were no VMA data for those samples. Figure 5.14 shows the adjusted 
performance, rut depth over the course of the test, for Cont 19, which corresponds to the 
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temperature graph shown above. All the calculated adjustments were of a similar 
magnitude, although not in the same direction. Furthermore, the relative positions of the 
adjusted graphs were the same as the original ones. 
0 
Cont 19 - Original 
Cont 19 - Adjusted 
20000 40000 60000 80000 100000 
Loading Cycles 
Figure 5.14: Performance of Cont 19 Adjusted to a Constant Temperature of 50°C 
Rut Performance Comparisons. The original results from the MMLS3 tests were 
statistically compared using the Mann-Whitney/Wilcoxon Rank Sum Test. The statistical 
test compares the rut measurements for a pair of MMLS3 tests at a single point when 
profiles were measured. The rut depth values for both sets of data are arranged in order, 
from highest to lowest, in a single list. Each value is then given a rank, 1 for the highest 
and 14 for the lowest. The rut values, with their ranks, are separated again into their 
original two data sets. The ranks for each data set are numerically summed. The p-value 
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is the probability that one would get two sums of ranks as widely spaced as the real ones 
were by random chance. 
For each pair of tests there were 18 comparisons: 9 using the maximum rut depths 
measured from the base line, and 9 using the average rut depths measured from the base 
line. The maximum rut depth measured from the maximum heave was not used because 
there was a high probability the heave was greatly exaggerated in any given test. Only 
the statistical comparisons using the average rut depths are shown here. The comparisons 
using the maximum rut depths yielded nearly identical results. A complete explanation 
of the statistical tests and the full results are shown in Appendix 7. 
Figures 5.15 through 5.23 show graphs of the rut depths over the course of the 
tests for each pair of mix designs that were compared. The solid lines in the figures are 
the average of all the data for a particular sample set. The points spread around the line 
are the data points for the seven sample bricks. Tables 5.8 through 5.14 show p-values 
for the comparisons at each stage of the tests. Generally, a p-value of 0.05 or less means 
that the two sample sets are significantly different from a statistical standpoint. 
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Comparisons Based on NMSA: The comparisons between the results from these 
MMLS3 tests look at the effects of different NMSA, 12.5 mm verses 19 mm, while 
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Figure 5.15: Comparison Graph of Oss 12.5 and Oss 19 
































There are a couple of things to note about these data. As stated above, this 
comparison uses the rut depths averaged from the transverse profiles. The value for the 
third brick in the Oss 12.5 sample set, 012.5M-6T, developed a very large heave after 
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100,000 wheel loads, so a modified range for the average value was used, as described 
above. Secondly, the last profiles during the Oss 19 MMLS3 test were taken after 
111,740 wheel loads, instead of right at 100,000. For simplicity in statistical comparison, 
the last profiles are assumed to have occurred at 100,000 loading cycles. Since the rate of 
rutting is low and linear after 50,000 loading cycles, as can be seen in Figure 5.8, this 
approximation for statistical testing is considered acceptable. 
The limit of significant difference was set at 5%, a common limit for statistical 
'close to the limit and the result must be looked at in context to the rest of the values. 
The profiles at 16,000 cycles and 50,000 cycles are not significantly different, plus the 
points on the graph clearly overlap a great deal. Therefore, the initial result of no 
significant difference is accepted. 
In general, a coarser mix is expected to rut less than a finer one, yet the Oss 19 
mix rutted much more than Oss 12.5. More than half of the total average rutting in the 
Oss 19 bricks took place within the first 1,000 loading cycles. A possible reason for this 
is the lack of a seating load at the beginning of the Oss 19 test. The average seating 
displacement for all the tests was 0.57 mm. When this approximate seating is subtracted 
from the Oss 19 rut measurements the average rutting is still greater than the Oss 12.5 
mix. However, when the rut measurement at 1,000 loading cycles is subtracted from 
each data set, the Oss 19 shows better performance, which is what was expected. This 
result is shown in Figure 5.16. It is possible that the rut data for the Oss 19 test is not a 
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Figure 5.17: Comparison Graph of Cont 12.5 and Cont 19 
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The p-value at 100,000 cycles is above 5% indicating that there is no significant 
difference between these two sets of rut data at that point. However, this may be due to 
random error. In this comparison, the coarser mix has less rutting than the finer mix as 
expected. A solid, large stone is stronger and more resistant to deformation than a 
collection of smaller stones that take up the same volume. Therefore, a coarser mix is 
more resistant to rutting than a finer mix because it has a greater amount of larger 
aggregate particles. 
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Comparisons Based on Aggregate Type: These MMLS3 test results comparisons look at 
the effects of different aggregate type, gravel stone verses fractured rock, while keeping 
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Figure 5.18: Comparison Graph of Oss 12.5 and Cont 12.5 
































Just as one of the Oss 12.5 bricks used a modified range to average the rut depth 
measurements, the third and fourth Cont 12.5 bricks used modified ranges after 100,000 
wheel loads had been run. Although there is no significant difference between the test 
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results for these mix designs, the Cont 12.5 bricks generally out performed the Oss 12.5 
bricks. This is expected because the Cont 12.5 mix uses fractured rock, which is rougher 
and more angular than the Oss 12.5 mix's gravel stone. These properties help the 
aggregate blend to lock up and resist deforming under a vertical load. 
Oss 19 
Cont 19 
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Figure 5.19: Comparison Graph of Oss 19 and Cont 19 
































The data points surrounding the average line for Cont 19 appear to have an 
unusually narrow spread mainly because the data for Oss 19 are much more spread out. 
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The Cont 19 mix performed better than the Oss 19 mix as expected for the same reason 
that the Cont 12.5 mix out performed the Oss 12.5 mix. Since most of the rutting in the 
Oss 19 samples occurred within the first 1,000 loading cycles, Figure 5.20 shows a 
comparison with Cont 19 with this rut measurement subtracted out. The graphs of the 
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e 5.12: Comparison of Rut Depths of Farm and Hook 




























Both mixes showed very strong resistance to rutting because they both contained 
RAP. The difference in aggregate suggests that the Hook mix with fractured rock would 
out perform the Farm mix with gravel stone. Although the average rutting in Farm was 
less, the difference in performance between these two mixes is very small and may be 
due to random error. 
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Comparisons Based on RAP Content: These comparisons look at the effects induced by 
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Figure 5.22: Comparison Graph of Oss 12.5 and Farm 
































Just as for the comparison between Oss 12.5 and Oss 19, the p-value at 30,000 
cycles is very close to the limit of 5%. In this case the surrounding p-values are all low, 
indicating there is a significant difference between the test results despite the slightly 
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higher p-value. This is supported by the statistical comparison between these mixes at 
30,000 loading cycles using the maximum rut depth, which has a p-value less than 0.05. 
The superior performance of the Farm bricks is expected because RAP is 
generally stiffer due to its age. As the pavement the RAP came from was exposed to the 
air, the binder lost some of its lighter components becoming stiffer over time. 
Additionally, if any of the RAP did not break down and blend with the virgin material it 
would have acted like a larger rock, effectively making the mix a little coarser and better 
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Figure 5.23: Comparison Graph of Cont 12.5 and Hook 
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This comparison between the Cont 12.5 mix and the Hook mix looks again at the 
effect of including RAP, this time with fractured rock. Just as for the comparison 
between Oss 12.5 and Farm, the superior performance of the Hook mix is expected 
because it contained RAP. The final average rut depth of the Hook bricks was 1 mm less 
than that of the Cont 12.5 bricks, which is well above the profilometer's sensitivity of 
0.001 mm. However, the lack of significant difference between Cont 12.5 and Hook 
shows that the effect of the RAP on the performance of the Hook mix is clouded by 
random variation within the samples. 
It should be noted that all of these statistical comparisons worked with data sets of 
seven observations each. This is a low number for statistical purposes because normal 
distributions cannot be established for the data sets. The Mann-Whitney/Wilcoxon Rank 
Sum Test was used because it does not require normal distributions. The graphs of the 
test results along with the statistical comparisons give a general idea of which mix 
designs performed better than others. Table 5.15 shows a summary of the comparisons 
including the parameters that were compared, the presence of significant difference 
overall, and which mix performed better, meaning shallower ruts. For those comparisons 
that had different p-values at the beginning and end of the tests, only the p-values for the 
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later part of the tests are considered important because that data indicates long term 
performance of the mix design. 
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MMLS3 Tests on Field Cores 
A set of nine field cores were obtained by the NHDOT from the shoulder of 
Route 25, between the towns of Effingham and Freedom, although one was too damaged 
to be used. Each core contained both the surface layer and base layer from the road. The 
highway had beed paved approximately one year before using the Oss 12.5 mix for the 
surface layer and the Oss 19 mix for the base layer. The NHDOT provided the measured 
Gmm for the cores and the Gmb for each sample was measured in the UNH laboratory. 
Tables 5.16 and 5.17 summarize the volumetric data. 
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The MMLS3 tests on the field cores had the same parameters as the tests on the 
laboratory compacted samples, except for the total number of cycles run. The field cores 
developed excessively large rutting and heave, so the tests were stopped after only 30,000 
loading cycles. The rut depths from the top of the heave are not shown in Figures 5.24 
and 5.25 because the heave was often so large that it had to be broken off to get any 
profile measurement. Furthermore, a modified range for the average rut depth was used 
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Figure 5.25: Rut Depth vs. Loading Cycles for Oss 19 Field Cores 
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The graphs in Figures 5.24 and 5.25 show that the Oss 19 field cores out 
performed the Oss 12.5 field cores, as is expected because of its coarser blend. 
Additionally, the rate of rutting in the Oss 12.5 field cores is much greater than the Oss 
19 field cores. The reason for this could be the higher air void content in this layer, 7.0% 
verses 4.9%. More air voids mean the mix is less dense and will compact and deform 
more under vertical loads. Figures 5.26 and 5.27 show how the field cores compared to 
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Figure 5.27: Comparison Graph of Oss 19 Lab Samples and Field Cores 
In each comparison, the laboratory fabricated samples out performed the field 
cores, as was expected. It is likely that the reason for this is that the field cores had 
higher air voids and VMAs in each case. A higher percentage of voids in the brick 
volume allows more compaction and deformation than in bricks with less voids. The 
reason these samples had high percentages of voids is that they were paved only a year 
before and had experience very little traffic loading because they were from the shoulder. 
Just as with the test on the Oss 19 laboratory samples, the tests on the field cores 
did not apply a seating load. Similarly, the Oss 19 field cores developed more rutting in 
the first 1,000 loading cycles than the Oss 12.5 field cores. As with the earlier 
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comparisons, the rut measurements can be renormalized to the rut depth at 1,000 loading 
cycles. Table 5.18 summarizes the increased rutting after 1,000 cycles in each test. 
Table 5.18: Total Rut Depth Developed between 1,000 and 30,000 Loading Cycles 
Test Run 
Oss 12.5 Field Cores 
Oss 19 Field Cores 
Oss 12.5 Laboratory Samples 
Oss 19 Laboratory Samples 





Mixtures Redesigned According to the Bailey Method 
The three redesigned mixes were Oss 12.5-Bailey, Cont 19-Bailey, and Farm-
Bailey. Each redesigned mix has the same NMSA as the corresponding original mix. 
The Cont 19-Bailey mix was redesigned using a spreadsheet where the input values of 
CUW, desired dust, and aggregate contributions were adjusted manually to optimize the 
grading. The Oss 12.5-Bailey and Farm-Bailey mixes were designed using a Matlab 
program that iterated through all possible combinations of input values to optimize the 
gradings. An optimum grading was within the control points, out of the restricted zone, 
and closely matched the target values for the Bailey weight ratios, CA, FAc, and FAf. 
Figures 5.28 through 5.30 show the gradings of the three redesigned mixes and the 
original mixes. For clarity the Oss 12.5, Cont 19, and Farm mix designs will be called 
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Figure 5.30: Farm-Original and Farm-Bailey Mix Design Gradings 
Volumetrics and Bailey Parameters. Table 5.19 shows the Bailey parameters for the 
three new mix designs. The CUW for each was taken from the aggregate blend design 
calculations. The weight ratios are calculated from the gradings. Both the Oss 12.5-
Bailey and Cont 19-Bailey mix designs had weight ratios close to their target values, 
which were the average of the upper and lower limit for each ratio. The Farm-Bailey mix 
had a very high FAc ratio. Several attempts were made to bring this ratio within limits 
without letting the grading out of the Superpave control points or into the restricted zone. 
No combination of input values achieved an acceptable FAc ratio without moving the 
other ratios out of range. 
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Tables 5.20 and 5.21 show the volumetric measurements of the MMLS3 sample 
bricks for the Oss 12.5-Bailey and Cont 19-Bailey mix designs. There were no bricks 
fabricated for the Farm-Bailey mix because it failed most of the Superpave criteria when 
the asphalt content was designed. The data files containing the volumetric measurements 
on most of the Oss 12.5-Bailey samples were lost. However, the volumetrics of each 
brick was measured right after fabrication and only those bricks with acceptable air voids, 
between 3.5% and 4.5%, were marked for testing; all other bricks were destroyed. 


































































































In all cases, the Bailey designs were coarser than the original designs. The reason 
for this is that the CUW for all the new mixes was chosen between 95% and 105%, which 
forces a greater density of coarse aggregate in the blend. Upon evaluation with the 
Bailey Method the original mix designs were found to have a CUW between 70% and 
85%, which designates all of them as fine graded mixes. The change in CUW along with 
the changes in the CA, FAc, and FAf weight ratios influence the expected change in 
VMA (see Table 2.3 in Chapter 2). The Bailey Method does not mention any special 
considerations for comparing a fine graded mix to a coarse graded mix. Therefore the 
weight ratios were calculated twice: once as if both the original and Bailey mixes were 
coarse graded, and once as if they were fine graded. Tables 5.22 through 5.24 display the 
four Bailey parameters, calculated according to both the coarse and fine graded cases, for 
the original and redesigned mixes. 
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Table 5.22: Expected Change in VMA from Oss 12.5-Original 
Coarse Graded 
Oss 12.5 Original 





Oss 12.5 Original 











































Table 5.23: Expect 
Coarse Graded 
Cont 19 Original 





Cont 19 Original 































































































The Bailey Method gives a high and low expected change in VMA, 0.5% and 
1.0%, for a given change in each parameter. Tables 5.22 through 5.24 use the average 
expected change, 0.75%. The fine graded analysis redesignates the original primary 
control sieve (PCS) as the fine NMSA from which the new, fine control sieves are 
calculated. For an original NMSA of 12.5mm, the fine tertiary control sieve (TCS) 
would need openings 0.033 mm in diameter. Since the smallest sieve used for asphalt 
engineering is the #200 with 0.075 mm openings, the TCS and the FAf ratio were ignored 
in the fine graded analysis for the Oss 12.5 and Farm calculations. 
The actual changes-in VMAs are summarized in Table 5.25. The values under 
VMAoesign are the voids measured during the design process for each mix. The values 
under VMAsrick are the voids measured from the samples fabricated for the MMLS3 
tests. Since no bricks were fabricated for the Farm-Bailey mix design, there are no 
values listed under VMAsrick for the Farm mixes. Figure 5.31 compares the predicted 
changes in VMA to the actual changes in VMA. 
Table 5.25: 
Mix Design 
Oss 12.5 Original 
Oss 12.5 Bailey 
Change 
Cont 19 Original 
























Figure 5.31: Comparison of Change in VMA, Predicted Verses Measured 
The reason the predictions for the Farm mix designs were off could be that the 
RAP had an unpredictable effect on the blend properties. RAP does not always blend 
fully with the virgin material, so the actual grading may have been different from the 
grading calculated with the Bailey Method, which used a RAP grading after the RAP 
binder was extracted. The reason the Cont 19 fine graded prediction was much closer 
than the coarse graded prediction could be that fine aggregate greatly affected the 
compaction of the mix. The reason the Oss 12.5 predictions were completely wrong 
could be that the nature of the gravel stone countered the effect of a dense coarse 
aggregate skeleton. 
MMLS3 Test Results. The MMLS3 tests on the redesigned mixes used the same test 
parameters as for the original mixes. The only difference in procedure was to imbed the 
thermocouple that controlled the dry air heater between two bricks. This reduced 
fluctuations in the temperature throughout the tests, although it did not prevent the 
samples from cooling during the first several profile measurements. A graph of the 
temperature readings for the Cont 19-Bailey MMLS3 test is shown in Figure 5.32. Note 
the lack of the saw tooth pattern that was apparent in Figure 5.13. During this test the 
data loggers were set to a lower resolution than for the Cont 19-Original test. 
Figure 5.32: Temperature over the Course of the Cont 19-Bailey MMLS3 Test 
The rutting over the course of each test is shown in Figures 5.33 and 5.34. In 
Figures 5.35 and 5.36, the results from the tests on the Bailey mixes are compared to the 
results from the original mixes. The Oss 12.5-Bailey mix performed better than the Oss 
12.5-Original mix and the Cont 19-Bailey mix performed approximately as well as the 
Cont 19-Original mix. Tables 5.26 and 5.27 list the p-values for each statistical 
comparison. 
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Figure 5.33: Rut Depth vs. Loading Cycles for Oss 12.5-Bailey 
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Figure 5.35: Comparison Graph of Oss 12.5-Original and Oss 12.5-Bailey 
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Although the test resultaonly become significantly different after 30,000 loading 
cycles, Figure 5.35 shows that the Oss 12.5-Bailey mix out performs the Oss 12.5-
Original mix. There are several factors that contribute to the improved resistance to 
rutting. While both mixes have the same NMSA, the Bailey mix is coarser as shown in 
Figure 5.28. Additionally, the Bailey mix has less VMA, which means there is less room 
for the aggregate to compact under heavy loads. The value for voids filled with asphalt 
(VFA) is the percent difference between the air voids and the VMA. Since the VMA is 
smaller and the air voids were maintained at approximately 4%, the VFA is smaller as 
well meaning there is less asphalt binder in the mix to lubricate the aggregate. This gives 
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Figure 5.36: Comparison Graph of Cont 19-Original and Cont 19-Bailey 
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The Cont 19-Bailey mix did not perform significantly better than the Cont 19-
Original mix. Although the Bailey mix was coarser, as is shown in Figure 5.29, it also 
had greater VMA and, consequently, greater VFA. The greater VMA was predicted by 
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the Bailey Method because a coarser mix tends to resist compaction more than a finer 
one. Additionally, the rough and angular fractured rock aggregate probably helped the 
mix resist compaction even more than usual. While the coarse mix and rough aggregate 
would also help resist rutting, a greater amount of asphalt binder promotes rutting 
because it allows the aggregate particles to slide around more easily (Qiu 2006). These 
two factors seem to have offset each other making the net rutting resistance of the Bailey 
mix about the same as the original one. 
Discussion 
Both the Oss 12.5-Bailey and Farm-Bailey mix designs did not fully meet the 
Superpave criteria when the asphalt content was determined. For an NMSA of 12.5 mm, 
Superpave requires the VMA to be no lower than 14.0. The Oss 12.5-Bailey mix had a 
final VMA of 13.7. Since all the other requirements were met, the Oss 12.5-Bailey mix 
design was deemed acceptable. The Farm-Bailey mix design, however, had a final VMA 
of 12.2, a %Gmm@Nini of 89.6, and a dust proportion of 1.3. In addition to the VMA 
criteria, Superpave requires the %Gmm@Nini to be 89 or less and the dust proportion to 
be between 0.6 and 1.2. Because this mix had such a low VMA and failed two other 
criteria as well, it was deemed unacceptable for testing in the MMLS3 since it would 
never be paved in the field anyway. 
In addition to failing the Superpave criteria, the Farm-Bailey mix did not have the 
FAc weight ratio within the recommended limits. According to the Bailey Method, an 
FAc ratio above the limit means that the voids are over filled with fine aggregate. This 
would account for the small VMA because the majority of the voids between the coarse 
aggregate were filled with fine aggregate. This also accounts for the high dust proportion 
in the mix. In addition to adversely affecting the volumetrics in the mix, over filled voids 
can reduce rut resistance. On the other hand, a small VMA would mean a small VFA and 
asphalt content, which might improve rut resistance. The net result might be no real gain 
in performance, as with the Cont 19-Bailey mix. 
The VMA predictions for Cont 19 mixes were better under the fine graded 
evaluation. This suggests that the fine aggregate is important in influencing voids in the 
mixture. The coarse aggregate was so densely packed that it kept the voids between the 
coarse particles large by resisting compaction. The Bailey fine weight ratios suggested 
that there was enough fine aggregate to adequately fill those voids and act as dry 
lubrication to help the mix compact more easily. However, the weight ratios are derived 
from a model that assumes that the coarse particles are adequately compacted. The Cont 
19-Bailey mix may not have compacted enough, leaving voids too large to be filled by 
the fine aggregate present. If the blend had been designed so the fine aggregate ratios 
were at the upper end of their limits, instead of in the middle, then the mix might have 
compacted more and the voids might have been filled more completely. This would have 
lowered the VMA, which in turn would have lowered the VFA and raised the rutting 
resistance. 
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The Bailey Method predictions on compactability state that a higher CUW and 
CA ratio values mean greater resistance to compaction. If the values stay within the 
recommended range, then the increased resistance should be too small to hinder paving 
operations. Additionally, similar effects occur with lowered FAc ratio and FAf ratio 
values. Figure 5.37 shows the average compaction for both the Cont 19-Original and 
Cont 19-Bailey samples. The Bailey samples require approximately 3 times the number 
of gyrations as the original ones to reach the same height. Figure 5.38 shows the average 
density of both sets of samples over the course of compaction. The Bailey samples 
required about 2 times the number of gyrations to reach the same density as the original 
ones. As it is, the Cont 19-Bailey mix would be difficult to compact in the field. 
T C 
/ 3 ^ 
73 -
^ 71 i 
B 
S 69 





° 5 9 
57 -




— Cont 19 Original 
— Co 
"X. 
n t l9B •ailey -
10 100 1000 
Compaction Gyrations 






^ 2 . 1 
6u2.0 











nt 19 Original 
nt 19 Bailey 
-
10 100 1000 
Compaction Gyrations 
Figure 5.38: Density over Course of Compaction of Cont 19 Mixes 
The Oss 12.5-Bailey mix was expected to have a greater VMA than the Oss 12.5-
Original mix because the Bailey Method predicts that the greater density in coarse 
aggregate will resist compaction causing an increase in VMA. While the rough, angular 
fractured rock in the Cont 19-Bailey mix most likely supported this resistance to 
compaction, the smooth, rounded gravel stone in the Oss 12.5-Bailey mix may have 
countered the resistance to compaction. The Bailey Method assumes there will be 
enough compaction so its model of particle packing applies. However, if there was extra 
compaction, then voids between the coarse aggregate were smaller than expected and 
most of the space was taken up by fine aggregate instead of air or binder, thus resulting in 
a lower VMA. The lower VMA, lower asphalt content, and a coarser blend seem to be 
the greatest factors that improved the rut resistance over the original design. 
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The increased CUW for the Oss 12.5-Bailey mix also meant that this mix would 
have greater resistance to compaction than the original mix. Although the samples for 
the original mix design were batched to 4500g and the samples for the Bailey design 
were batched to 2250g, the densities can be compared. Figure 5.39 shows the 
comparison of the average densities of the two mixes over the course of compaction. The 
Oss 12.5-Bailey samples require approximately 3 times the number of gyrations to reach 
the same density as the original samples. This confirms the Bailey Method prediction. 
The compaction data do not indicate whether the aggregate shape and texture had any 
effect on the mixture's resistance to compaction. 






^ 2 . 0 









i 12.5 Original 
s 12.5 Bailey 
L 10 100 1000 
Compaction Gyrations 
Figure 5.39: Density over Course of Compaction of Oss 12.5 Mixes 
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CHAPTER 6 
SUMMARY AND CONCLUSIONS 
Summary of Final Results 
This project's objective was to determine the effectiveness of the Bailey Method 
as a tool to design more rut resistant mixtures using New Hampshire aggregate. Six mix 
designs currently used in New Hampshire, representing different mixture properties, were 
tested for rutting performance using the MMLS3. Three of these mixes were redesigned 
according to the Bailey Method and two were tested under the MMLS3. Finally, two sets 
of laboratory samples were compared to pavement cores of the same mix designs taken 
from a highway in New Hampshire. 
The results from the performance tests on the original six mix designs were 
compared based on NMSA, aggregate type, and use of RAP. The mixtures with a higher 
NMSA had coarser aggregate blends and were, therefore, expected to develop less 
rutting. However, the Oss 19 mix showed inferior rutting resistance to the Oss 12.5 mix, 
although the former had a higher NMSA. Most of the rutting in the Oss 19 samples 
developed between 0 and 1,000 cycles, only 1% of the total load applied. From 1,000 to 
100,000 loading cycles, the Oss 19 samples developed less additional rutting than the Oss 
12.5 samples. The MMLS3 test results for the Oss 19 mix may not be an accurate 
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representation of that mix design's rutting resistance because the bricks were not properly 
seated in the test bed, or because the samples experienced excessive preheating. 
Conversely, the comparison between the Cont 12.5 and Cont 19 mixes showed superior 
performance in the Cont 19 mix design, which was the expected result. 
The mixtures with fractured rock aggregate were expected to out perform the 
mixtures with gravel. The comparisons between the Oss 12.5 and Cont 12.5 mix designs 
and the Oss 19 and Cont 19 mix designs supported this expectation. Both Cont mixtures 
with fractured rock did have superior performance to the Oss mixtures with gravel stone. 
However, between the mixtures with RAP, the Hook mix with fractured rock had 
approximately equal rut resistance to the Farm mix with gravel stone. It is likely that the 
influence of the RAP overpowered any influence of differing aggregate. 
The mixtures that included RAP were expected to have superior performance to 
those that did not because RAP is generally stiffer thanks to its aged binder. Between the 
mixes using gravel stone, the Farm mix with RAP out performed the Oss 12.5 mix 
without RAP. Between the mixes with fractured rock, the Hook mix with RAP out 
performed the Cont 12.5 mix without RAP, which supports the expectation. 
The field cores were taken from the shoulder of Route 25 in NH, between 
Effingham and Freedom, which had been paved approximately a year before with the Oss 
19 mix for the base layer and the Oss 12.5 mix for the surface layer. The field cores had 
higher average air voids than the laboratory fabricated samples: and 7.0% verses 3.9% for 
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the Oss 12.5 mix and 4.9% verses 4.1% for the Oss 19 mix. The MMLS3 tests on these 
field cores were only run up to 30,000 loading cycles because the bricks rutted too deeply 
to continue. When compared with each other, the Oss 19 field cores out performed the 
Oss 12.5 field cores as was expected. In each case the laboratory fabricated bricks out 
performed the field cores, most likely due to their lower air voids. 
The three mixes that were redesigned according to the Bailey Method were the 
Oss 12.5 mix, the Cont 19 mix, and the Farm mix, chosen to represent different aggregate 
type, NMSA, and RAP content. All three new aggregate blends were coarser than the 
original ones. After the asphalt content was determined according to Superpave, the Oss 
12.5-Bailey mix had a VMA 0.3 below the Superpave minimum value of 14.0. However, 
this was deemed acceptable and the mix was tested in the MMLS3. The Farm-Bailey 
mix, on the other hand, had even lower VMA, 12.2, and failed on two other Superpave 
criteria and thus was unacceptable for further testing. 
The Bailey Method predictions on the VMA of the redesigned Oss 12.5 mix were 
completely wrong because they estimated a positive change in VMA when there was 
actually a negative change. A possible reason for this is that the smooth, rounded gravel 
stone allowed aggregate blend to compact more than the Bailey Method accounted for. 
The coarse graded prediction for the Cont 19 mix was much too high, although the fine 
graded prediction was quite close to the actual changes. This suggests that the reduction 
of the fine aggregate, and not the addition of the coarse aggregate, was the main factor in 
the change in VMA from the original mix design. The predicted change in VMA in the 
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Farm mixes were about half of the actual change. The RAP in the Farm mix may have 
been too unpredictable to allow a more accurate estimate of the change in VMA. 
The performance of the Bailey designs was expected to be superior to the original 
designs. The Oss 12.5-Bailey samples met this expectation and developed much less 
rutting than the Oss 12.5-Original samples. This was probably due to a combination of a 
coarser aggregate blend, a lower VMA, and lower asphalt content. The Cont 19-Bailey 
samples performed about as well as the Cont 19-Original samples. Although the Bailey 
mix was coarser it had a larger value for VMA, which requires a greater asphalt content 
to keep the air voids at approximately 4%. The rut resistance gained by a coarser mix 
and the rut resistance lost by a greater asphalt content combined to a net result of no 
significant change in performance. 
Conclusions from the Results 
• The Bailey Method is a useful tool in redesigning and evaluating aggregate blends, 
especially when combined with judgement based on engineering experience. 
• The Bailey Method has two main limitations: First, it only looks at aggregate size 
and pays little attention to other aggregate properties. Second, it has limited 
procedures in working with RAP. 
• In its current form, the Bailey Method does not accurately predict the VMA of the 
NH mixtues evaluated in this study. 
• The MMLS3 is a useful tool for comparing the performance of various mix designs. 
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• Users should be fully familiarized with the MMLS3 workings and testing procedures 
to save time and material in the long run. This can best be achieved by running 
several practice tests first. 
• The MMLS3 results are a good indication of rutting resistance when measured from 
the original, undeformed profile. 
• The MMLS3 does not give accurate results when the rut is measured from the top of 
the heave for test run on bricks held in the test bed. 
Suggested Areas of Further Research 
Additional mixes could be designed or redesigned with the Bailey Method. 
Particularly, it might be useful to use the Bailey Method with mixes that contain RAP to 
help develop more detailed procedures for working with RAP. Additionally, several 
different target values for the CUW and weight ratios could be tried to see which yield 
optimum results when using New Hampshire aggregate. This could also be done by 
simply evaluating existing mixes with the Bailey Method and comparing their 
performances based on the differences in Bailey parameters. 
Additional MMLS3 tests could be run on the mix designs used in this project or 
with new mixes that use similar aggregate. An MMLS3 test in the wet condition looks at 
the effect of stripping and rutting by submerging the samples in hot water prior to and 
during testing. Such a test would indicate whether the Oss 12.5-Bailey mix is adversely 
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affected by its low VMA, or if the Cont 19-Bailey mix is prone to stripping and raveling 
because of its large voids. 
Another type of comparison could be done to measure the effects of air voids and/ 
or sample thickness in the MMLS3 sample bricks. Several sample sets of the same mix 
design and asphalt content could be compacted to different heights or levels of air voids 
and then tested. If an approximate mathematical model could be derived from the test 
results, then it might help when comparing laboratory fabricated samples to field cores 
tested in the MMLS3. 
After samples have been testing under the MMLS3, they could be analyzed for 
changes in density and strength. The samples could be cut and polished to look for any 
indication of how they deformed. Cutting the samples might also show whether or not 
the RAP fully integrated into the mix and whether or not the coarse aggregate skeleton 
was uniformly distributed as the Bailey Method assumes. 
Final Remarks 
Although only one of the two mix designs that was redesigned according to the 
Bailey Method and tested in the MMLS3 showed significantly improved rutting 
resistance, I believe that the Bailey Method can be a useful tool to engineers in New 
Hampshire. Some work would need to be done to fine tune the limits and procedures in 
the Bailey Method to account for properties of New Hampshire aggregates. Plus, 
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additional testing would be needed to make sure the redesigned mixes can maintain 
superior rut resistance under adverse weather conditions common in this state. Such 
work should utilize the experiential knowledge of engineers who have worked on the 
highways of New Hampshire for years. Once this work is done, I think that new mixes 
can be designed that have superior performance and longer life times. 
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APPENDIX 1 
BAILEY METHOD CALCULATIONS 
Design Calculations 
The calculations shown here use the Oss 12.5 mix design as an example. These 
calculations were used for both design and evaluation. For design, the input values were 
varied until the weight ratios were as close to their target values as possible. For 
evaluation, the input values were varied until the calculated blend matched the original 
blend as closely as possible. At each step in the calculations, the general equation is 
shown followed by the calculations using the numerical values for Oss 12.5. 
Abbreviations: 
CAi: Coarse Aggregate 1 
FAi: Fine Aggregate 1 
MF: Mineral Filler Aggregate 
PCS: Percent Passing the Primary Control Sieve 
#200: Percent Passing the #200 Sieve 
Gsb;: Bulk Specific Gravity of Aggregate i 
LUWJ: Loose Unit Weight of Aggregate i (kg/m3) 
RUWJ: Rodded Unit Weight of Aggregate i (kg/m3) 
CUW: Chosen Unit Weight 
Dust: Desired Amount Passing the #200 Sieve for the Final Gradation 
CA;WC: Contributed Weight for Coarse Aggregate i 
FAiWc: Contributed Weight for Fine Aggregate i 
VCA: Voids in the Coarse Aggregate 
TUW: Total Unit Weight 
CAjBi„: Initial Contribution of Coarse Aggregate i as a Percentage of the Total Blend 
CAjBf: Final Contribution of Coarse Aggregate i as a Percentage of the Total Blend 
FAjBin: Initial Contribution of Fine Aggregate i as a Percentage of the Total Blend 
FAjBadj: Adjusted Contribution of Fine Aggregate i as a Percentage of the Total Blend 
FAjBf: Final Contribution of Fine Aggregate i as a Percentage of the Total Blend 
MFBf: Final Contribution of Mineral Filler as a Percentage of the Total Blend 
FAinCAj: Percent of Fine Aggregate in Coarse Aggregate i 
CAinFAi: Percent of Coarse Aggregate in Fine Aggregated 
MFinCAj: Percent of Mineral Filler in Coarse Aggregate i 
MFinFAj: Percent of Mineral Filler in Fine Aggregate i 
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95 - 105 
3.5-6.0 














CUW; = LUWi x CUW / 100 
CUWi - 1501.6 x 103 /100 = 1546.6 
CUW2 = 1510.6 x 103 /100 = 1555.9 
Step 2 
CAiWc = CUWi x CAi Contribution / 100 
CAiWc = 1546.6 x 41 /100 = 634.1 
CA2WC = 1555.6 x 59 /100 = 918.0 
Step 3 
VCAi = CAi Contribution x (1 - (CUW; / (1000 x Gsbj))) 
VCAi = 41 x (1 - (1546.6 / (1000 x 2.619))) = 16.8 
VCA2 = 59 x (1 - (1555.6 / (1000 x 2.588))) = 23.5 
Step 4 
Step 5 
VCAT = EVCAi 
VCAT= 16.8 + 23.5 = 40.3 
FAiWc = RUW; x (FA; Contribution /100) x (VCAT / 100) 
FAiWc = 1713.6 x (100 / 100) X (40.3 /100) = 690.9 
FA2WC = 1772.6 x (0 /100) x (40.3 /100) = 0 
FA3WC = 1691.3 x (0 /100) x (40.3 /100) = 0 
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Step 6 
TUW = ICAiWc +£FAiWc 
TUW = 634.1 + 918.0 + 690.9 = 2243.0 
Step 7 
CAiBin = 100 x CAjWc / TUW 
CAiBin = 100 x 634.1 / 2243.0 = 28.3 
CA2Bin = 100 x 918.0 / 2243.0 = 40.9 
Step 8 
CATBin = ICAiB in 
CATBin = 28.3 + 40.9 = 69.2 
Step 9 
FAjBjn = 100 x FAiWc / TUW 
FAiBin = 100 x 690.9 / 2243.0 = 30.8 
FA2Bin= 100x0/2243.0 = 0 
FA3Bin= 100x0/2243.0 = 0 
Step 10 
FATBin = ZFAiBin 
FATBin = 30.8 + 0 + 0 = 30.8 
Step 11 
FAinCAj = CAiBin x PCS; /100 
FAinCAi = 28.3 x 3 /100 = 0.8 
FAinCA2 = 40.9 x 9 /100 = 3.7 
Step 12 
FAinCAi = XFAinCAj 
FAinCAT = 0.8 + 3.7 = 4.5 
Step 13 
CAinFAj = FAiBin x (100 - PCSj) / 100 
CAinFAi = 30.8 x (100 - 83) /100 = 5.2 
CAinFA2 = 0 x (100 - 85) / 100 = 0 
CAinFA3 = 0 x (100 - 91) / 100 = 0 
Step 14 
CAinFAi = iCAinFAj 
CAinFAj = 5.2+ 0 + 0 = 5.2 
Step 15 
CABf = CAiBin + FAinCAi - (CAiBin x CAinFAj / CATBi„) 
CAiBf = 28.3 + 0.8 - (28.3 x 5.2 / 69.2) = 27.0 
CA2Bf = 40.9 + 3.7 - (40.9 x 5.2 / 69.2) = 41.5 
Step 16 
FAjBadj = FAiBin + CAinFA - (FAiBin x FAinCAT / FATBin) 
FAiBadj = 30.8 + 5.2 - (30.8 x 4.5 / 30.8) = 31.5 
FA2Badj = 0 + 0 - (0 X 4.5 / 30.8) = 0 
FA3Badj = 0 + 0 - (0 x 4.5 / 30.8) = 0 
Step 17 
MFinCAj = CAjBf x #200 /100 
MFinCAj 27.0 x 0.9 /100 = 0.2 
MFinCA2= 41.5x1.0/100 = 0.4 
Step 18 
MFinFAj = FAiBadj X #200 / 100 
MFinFAi= 31.5 x 3.1 / 100 = 1.0 
MFinF A2= Ox 13.0/ 100 = 0 
MFinF A3= Ox 2.2/ 100 = 0 
Step 19 
MFT = I MFinCAj + 1 MFinF Aj 
MFT = 0.2 + 0.4 + 1.0 + 0 + 0 = 1.6 
Step 20 
MFBf = (Dust - MFT) / (#200MF / 100) 
MFBf= (4.7-1.6)/(80.0/100) = 3.8 
Step 21 
FAiBf = FAiBadj - (FAjBadj x MFBf / lFAiBadj) 
FAiBf = 31.5 - (31.5 x 3.8 / 31.5) = 27.7 
FA 2 B f =0-(0x3.8/31.5) = 0 
FA 3 B f =0-(0x3.8/31.5) = 0 
















Weight Ratio Calculations 
The formulas for the weight ratios are the same for both the coarse graded 
analysis and the fine graded analysis. Only the gradations and the size of the control 
sieves change from one analysis to the next. The gradations are listed for each mix 
design along with labels telling which sieves are the control sieves. 
Abbreviations: 
NMSA: Nominal Maximum Size Aggregate, one sieve higher than the first sieve to 
retain 10% or more 
Half: Percent passing the Half Sieve, the closest sieve to 0.5 times the NMSA 
PCS: Percent passing the Primary Control Sieve, the closest sieve to 0.22 times 
the NMSA 
SCS: Percent passing the Secondary Control Sieve, the closest sieve to 0.22 times 
the PCS 
TCS: Percent passing the Tertiary Control Sieve, the closest sieve to 0.22 times 
the SCS 
CA: Coarse Aggregate weight ratio 
FAc: Coarse part of the Fine Aggregate weight ratio 
FAf: Fine part of the Fine Aggregate weight ratio 
Diffr: Total difference between calculated gradation and original blend 
Calculations: 
CA = (Half- PCS) / (100 - Half) 
FAc = SCS/PCS 
FAf=TCS/SCS 
Half = %Pass 3/8 - (%Pass 3/8 - %Pass #4) x (9.5 - 6.25) / (9.5 - 4.75); 
for NMSA of 12.5 
Diffr = X|Blendi,originai - Blendi,caiCuiated| 
Oss 12.5 Original 














>ss 12.5 Original Gradation 




































































3utput Values for Oss 12.5 Original 









0.50 - 0.65 
0.35 - 0.50 
0.35 - 0.50 
Evaluation 
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0.35 - 0.50 
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Oss 12.5 Bailev 














>ss 12.5 Bailey Gradation 





































































Dutput Values for Oss 12.5 Bailey Design 
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Cont 19 Original Gradation 















































95 - 105 
3.5-6.0 



















Output Values for Cont 19 Original Evaluation 
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Cont 19 Bailey Gradation 


































































Output Values for Cont 19 Bailey Design 
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Farm Original Gradation 






































































Output Values for Farm 
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Farm Bailey Gradation 





































































Output Values for Farm 
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Bailey Design 









0.35 - 0.50 
0.35 - 0.50 
Matlab Programs 
These Matlab programs iterate through all possible combinations of input values 
to find the best aggregate blend, whether that means a blend with optimum weight ratios 
or one that matches a target blend. Baileydesign.m is the main program for designing 
new aggregate blends. It is set up to work with the Oss 12.5 and Farm mixes because 
Cont 19 was done manually before hand. The program calls Bailey.m and 
Baileylimits.m. The first one contains the full Bailey calculations and the second outputs 
a list of limiting values for both the Bailey Method and Superpave. Baileyevaluation.m is 
the main program for evaluation and finds the input values to match a target blend. 
BAILEYDESIGN.M 
function inputs=baileydesign(Agg,NMSA,RAP); 
% This matlab function determines the input values to acheive the 
% optimum bailey parameters given a set of aggregate, a PCS, and a 
% desired amount of RAP. "Optimum" is defined as the minimum sum of 
% the deviations from the target values 
% INPUT 
% Agg = aggregate info in matrix format (see osspiee.m for example) 
% NMSA = Nominal Maximum Size Aggegate, enter as mm 
% RAP = percentage of aggregate blend that is RAP 
% OUTPUT 
% input = a matrix of seven sets of input values, one in each row 
























































r e t u r n 
BAILEY.M 
function [blend,gradation,ratios,tests]=bailey(Agg,NMSA,Input) 
% This matlab function calculates the aggregate blend of an asphalt mix 
% using the Bailey Method given a set of aggregate, a PCS, and a set of 
% input values. 
% INPUT 
% Agg = aggregate info in matrix format (see osspiee.m for example) 
% NMSA = Nominal Maximum Size Aggegate, enter as mm 
% Input = the input values to perform the calculations 
% OUTPUT 
% blend = the percentages required from each stockpile 
% gradation = the final gradation of the aggregate blend 
% ratios = the calculated bailey parameters for this blend 





% DETERMINING LIMITS FOR GIVEN NMSA 
lim=baileylimits(NMSA); 






















% total voids 
vt=cavl+cav2+cav3; 




% total unit weight 
tuw=cacwl+cacw2+cacw3+facwl+facw2+facw3; 











cappcs3=Agg(PCS, 3) ; 
% fa percent retain pes 
farpcsl=100-Agg(PCS,4); 
farpcs2=100-Agg(PCS,5) ; 
farpcs3=100-Agg(PCS, 6) ; 
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% total fa in ca 
tfainca=faincal+fainca2+fainca3; 




% total ca in fa 
tcainfa=cainfal+cainfa2+cainfa3; 











dinfal=faabl*(Agg(10, 4)/100) ; 
dinfa2=faab2*(Agg(10,5)/100); 
dinfa3=faab3*(Agg(10, 6)/100) ; 
% total dust 
td=dincal+dinca2+dinca3+dinfal+dinfa2+dinfa3; 
% mf blend 
mfb=(DD-td)/(Agg(10,7)/100); 
% final blend for ca and fa 
cafbl=caabl*((100-RAP)/100); 






% final total blend 
blend=[cafbl,cafb2,cafb3,fafbl,fafb2,fafb3,mffb,RAP]; 






















% TESTING FOR COMPLIANCE TO REQUIREMENTS 
% control points 
cpOK=l; 
if (gradation(1)<lim(ll))||(gradation(1)>lim(12)) 




















%disp('outside of control points at #200 seive'); 
cpOK=0; 
end 
%disp('within control points'); 








%disp('in restricted zone at #30 seive'); 
rz30OK=0; 
end 




if (CA<lim(5)) U (CA>lim(6)) 
%disp('CA outside of recomended range'); 
CAOK=0; 
end 
if (FAc<lim(7) ) | | (FAOlim(8) ) 











% This matlab function returns a list of the limits for the weight 
% ratios for the Bailey Method, the gradation control points for 
% Superpave, and the restricted zone points for Superpave 

































































































r e t u r n 
OSSIPEE.M 
function M=ossipee(x) 
% This matlab function makes a 13 row by 8 column matrix of aggregate 
% info. 
% Aggregate origin: Pike Industries in Ossipee, NH 
% Each line makes a column for one stockpile with percent passing in 
% rows 1-10, Gsb in row 11, loose unit weight in 12, and rodded unit 
% wt. in 13 
% INPUTS 
% x = anything; without some input, I could not get this to work 
% OUTPUT 
% M = the 13x8 matrix of aggregate information 
% agg= [3/4";1/2";3/8';4;8;16;30;50;100;200;Gsb;Loose;Rodded] 
three4= [100;100;100;100;100;100;100;100;100;100;1 ;1 ;1 ] 
•2 ;1 ;1 ;0.9 ;2.619;1501.57;1625.78] 
:3 ;2 ;1 ;1.0 ;2.588;1510.61;1616.49] 
:33 ;14 ;7.0 ;3.1 ;2.556;1573.60;1713.62] 
dust= [100;100;100;100;85;67;51;36 ;23.0;13.0;2.607;1502.65;1772.63] 
scrsand=[100;100;100;97;91;75;45 ;17 ;6.0 ;2.2 ;2.543;1541.50;1691.32] 
bhf= [100;100;100;100;100;100;100;99 ; 95. 0; 80 . 0;'l ;1 ; 1 ] 
rap= [100;100;100;100;100;100;100;100;100 ;100 ;1 ;1 ;1 ] 
M=[three4,half,three8,grits,dust,scrsand,bhf,rap]; 
return 
half= [100;95;48;5 ;3 ;2 





% This matlab function makes a 13 row by 8 column matrix of aggregate 
% info. 
% Aggregate origin: Continental Paving in Londonderry, NH 
% Each line makes a column for one stockpile with percent passing in 
% rows 1-10, Gsb in row 11, loose unit weight in 12, and rodded unit 
% wt. in 13 
% INPUTS 
% x = anything; without some input, I could not get this to work 
% OUTPUT 
% M = the 13x8 matrix of aggregate information 
% agg= [3/4";1/2",-3/8";4;8;16;30,-50;100,-200,-Gsb;Loose,-Rodded] 
three4= 
[95. 4,-33. 6; 9. 6; 1.1; 0.8;0.8;0.8;0.7,-0.7,-0.6;2.691;14 92.53,-1636.28] 
half= 




[ 100;100,• 100;98.0;68.1;38.0;20.9;11.0,-6.6;4.9;2.710;1567.4 0,-174 0.43]; 
DSS= 
[100; 100; 100; 97. 9; 93. 2 ;80.3; 55. 7; 24. 5,-7. 6; 2. 3; 2. 687; 154 8.24 ,-1696. 35] ; 
none= [100;100;100;100;100;100;100;100;100;100; 1 
bhf= [100;100;100;100;100;100,-100;99.8;96.7;87.1;1 





% This matlab function makes a 13 row by 8 column matrix of aggregate 
% info. 
% Aggregate origin: Pike Industries in Farmington, NH 
% Each line makes a column for one stockpile with percent passing in 
% rows 1-10, Gsb in row 11, loose unit weight in 12, and rodded unit 
% wt. in 13 
% INPUTS 
% x = anything; without some input, I could not get this to work 
% OUTPUT 
% M = the 13x8 matrix of aggregate information 
% agg= [3/4"; 1/2"; 3/8';4;8;16;30;50;100,-200;Gsb;Loose;Rodded] 
three4= [100;100;100;100;100;100;100;100;100;100;1 ;1 ;1 
half= [100;96;43;4 ;3 ;2 ; 2 
















scrsarid=[100;100;100;94;86;71;50 ;29 ;12.0;5.1 ;2.566;1604.48;1797.73] 
bhf= [100;100;100;100;100;100;100;99;95.0;80.0;1 ;1 ;1 ] 





% This Matlab function finds the input values that generate a blend 
that is closest to 
% the target blend. "Closest" means the sum of the absolute 
differences between the 
% calculated and target blends is as small as possible. 
















































disp('GOOD ENOUGH! ' ) ; 
disp('Total difference ='); 
disp(prevTotal); 





SUPERPAVE ASPHALT CONTENT DESIGN RESULTS 
Oss 12.5 Bailey 
NMSA: 12.5 mm (0.5 in.) 
Binder: Gb= 1.026 














































































Bailey Volumetrics of Design Specimens 




























































































Cont 19 Bailev 
NMSA: 19 mm (0.75 in.) 
Binder: Gb= 1.020 


































































for Pbi and Pb,est 
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NMSA: 12.5 mm (0.5 in.) 
Binder: Gb= 1.026 











































































































































































AGGREGATE DATA AND MIX DESIGNS 
Aggregate Stockpile Data 






























































































































































































































































































































































































































































































































Mix Designs and Batching Recipes 
After the aggregate was sieved, stockpiles from the same source were stored in the same 
buckets. For example, the Ossipee 3/4", 1/2", 3/8", and Grits stockpiles all came from OssAgg 
and were stored together in a single set of buckets labeled "Gravel". The Dust and the Scr. Sand 
came from two separate sources, so they were each stored in their own sets of buckets. Each 
bucket in each set contained the aggregate retained on one sieve tray. 
Oss 12.5 










































































































































































































































































































































































































































































































































































































*The blend for the Hook mix design totaled to 100.05%. 





















































































































































































































































































































































































































































































Gmb, VA, and VMA Measurements 






























































































































































































































































































































































































































































































Pb Gsb VMA 

































*The data files for the last five samples were lost. 
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Figure A5.1: Oss 12.5 Compaction Graphs 
154 
Figure A5.2: Oss 19 Compaction Graphs 
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Figure A5.3: Cont 12.5 Compaction Graphs 
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Figure A5.8: Cont 19 Bailey Compaction Graphs 
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APPENDIX 6 
MMLS3 TEST RESULTS 
Profile Data 
Oss 12.5 
Figure A6.1: Oss 12.5 Brick 1 Transverse Profiles 
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Figure A6.2: Oss 12.5 Brick 2 Transverse Profiles 
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Figure A6.3: Oss 12.5 Brick 3 Transverse Profiles 
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Figure A6.4: Oss 12.5 Brick 4 Transverse Profiles 
Figure A6.5: Oss 12.5 Brick 5 Transverse Profiles 
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Figure A6.6: Oss 12.5 Brick 6 Transverse Profiles 
Figure A6.7: Oss 12.5 Brick 7 Transverse Profiles 





































































































Brick 3 used a modified range for the average rut at 100,000 cycles 
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Figure A6.8: Oss 12.5 Avg Rut from Base Line Longitudinal Profiles 
105 210 
Longitudinal Position (mm) 











Figure A6.9: Oss 12.5 Max Rut from Base Line Longitudinal Profiles 
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Figure A6.10: Oss 12.5 Max Rut from Max Heave Longitudinal Profiles 
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Figure A6.ll : Oss 19 Brick 1 Transverse Profiles 
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Figure A6.12: Oss 19 Brick 2 Transverse Profiles 
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Figure A6.13: Oss 19 Brick 3 Transverse Profiles 
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Figure A6.14: Oss 19 Brick 4 Transverse Profiles 
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Figure A6.15: Oss 19 Brick 5 Transverse Profiles 
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Figure A6.16: Oss 19 Brick 6 Transverse Profiles 
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Table A6.4: Oss 19 Avg Rut Depth from Base Line 
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Figure A6.18: Oss 19 Avg Rut from Base Line Longitudinal Profiles 
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Figure A6.19: Oss 19 Max Rut from Base Line Longitudinal Profiles 
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Figure A6.20: Oss 19 Max Rut from Max Heave Longitudinal Profiles 
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Figure A6.21: Cont 12.5 Brick 1 Transverse Profiles 
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Figure A6.22: Cont 12.5 Brick 2 Transverse Profiles 
Figure A6.23: Cont 12.5 Brick 3 Transverse Profiles 
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Figure A6.24: Cont 12.5 Brick 4 Transverse Profiles 
Figure A6.25: Cont 12.5 Brick 5 Transverse Profiles 
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Figure A6.26: Cont 12.5 Brick 6 Transverse Profiles 
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Figure A6.27: Cont 12.5 Brick 7 Transverse Profiles 
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Figure A6.29: Cont 12.5 Max Rut from Base Line Longitudinal Profiles 
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Figure A6.31: Cont 19 Brick 1 Transverse Profiles 
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Figure A6.32: Cont 19 Brick 2 Transverse Profiles 
Figure A6.33: Cont 19 Brick 3 Transverse Profiles 
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Figure A6.34: Cont 19 Brick 4 Transverse Profiles 
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Figure A6.35: Cont 19 Brick 5 Transverse Profiles 
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Figure A6.36: Cont 19 Brick 6 Transverse Profiles 
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Table A6.10: Cont 19 Avg Rut Depth from Base Line 
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Figure A6.39: Cont 19 Max Rut from Base Line Longitudinal Profiles 
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105 210 
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Figure A6.40: Cont 19 Max Rut from Max Heave Longitudinal Profiles 
Farm 
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Figure A6.41: Farm Brick 1 Transverse Profiles 
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Figure A6.42: Farm Brick 2 Transverse Profiles 
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Figure A6.43: Farm Brick 3 Transverse Profiles 
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Figure A6.44: Farm Brick 4 Transverse Profiles 
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Figure A6.45: Farm Brick 5 Transverse Profiles 
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Table A6.13: Farm Avg Rut Depth i from Base Line 
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Figure A6.49: Farm Max Rut from Base Line Longitudinal Profiles 
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Figure A6.50: Farm Max Rut from Max Heave Longitudinal Profiles 
Hook 
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Figure A6.51: Hook Brick 1 Transverse Profiles 
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Figure A6.52: Hook Brick 2 Transverse Profiles 
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Figure A6.53: Hook Brick 3 Transverse Profiles 
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Figure A6.54: Hook Brick 4 Transverse Profiles 
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Figure A6.55: Hook Brick 5 Transverse Profiles 
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Figure A6.56: Hook Brick 6 Transverse Profiles 
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Table A6.16: Hook Avg Rut Depth from Base Line 
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Figure A6.59: Hook Max Rut from Base Line Longitudinal Profiles 
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Figure A6.60: Hook Max Rut from Max Heave Longitudinal Profiles 
Oss 12.5 Bailev 
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Figure A6.61: Oss 12.5 Bailey Brick 1 Transverse Profiles 
195 
25 
Transverse Position (mm) 











Figure A6.62: Oss 12.5 Bailey Brick 2 Transverse Profiles 
Figure A6.63: Oss 12.5 Bailey Brick 3 Transverse Profiles 
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Figure A6.65: Oss 12.5 Bailey Brick 5 Transverse Profiles 
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Figure A6.66: Oss 12.5 Bailey Brick 6 Transverse Profiles 
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Figure A6.67: Oss 12.5 Bailey Brick 7 Transverse Profiles 
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Figure A6.68: Oss 12.5 Bailey Avg Rut from Base Line Longitudinal Profiles 
105 210 
Longitudinal Position (mm) 









Figure A6.69: Oss 12.5 Bailey Max Rut from Base Line Longitudinal Profiles 
105 210 
Longitudinal Position (mm) 






Figure A6.70: Oss 12.5 Bailey Max Rut from Max Heave Longitudinal Profiles 
Cont 19 Bailev 
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Figure A6.71: Cont 19 Bailey Brick 1 Transverse Profiles 
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Figure A6.72: Cont 19 Bailey Brick 2 Transverse Profiles 
Figure A6.73: Cont 19 Bailey Brick 3 Transverse Profiles 
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Figure A6.74: Cont 19 Bailey Brick 4 Transverse Profiles 
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Figure A6.75: Cont 19 Bailey Brick 5 Transverse Profiles 
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Figure A6.76: Cont 19 Bailey Brick 6 Transverse Profiles 
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Rut Depth from Base Line 










































































































































































































e A6.24: Cont 19 Bailey Max Rut Depth from Max Heave 
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Figure A6.78: Cont 19 Bailey Avg Rut from Base Line Longitudinal Profiles 
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Figure A6.79: Cont 19 Bailey Max Rut from Base Line Longitudinal Profiles 
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Figure A6.80: Cont 19 Bailey Max Rut from Max Heave Longitudinal Profiles 
Oss 12.5 Field Cores 
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Figure A6.81: Oss 12.5 Field Cores Brick 1 Transverse Profiles 
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Figure A6.82: Oss 12.5 Field Cores Brick 2 Transverse Profiles 
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Figure A6.83: Oss 12.5 Field Cores Brick 3 Transverse Profiles 
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Figure A6.84: Oss 12.5 Field Cores Brick 4 Transverse Profiles 
Figure A6.85: Oss 12.5 Field Cores Brick 5 Transverse Profiles 
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Figure A6.86: Oss 12.5 Field Cores Brick 6 Transverse Profiles 
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Figure A6.87: Oss 12.5 Field Cores Brick 7 Transverse Profiles 
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Figure A6.88: Oss 12.5 Field Cores Brick 8 Transverse Profiles 





















2.5 Field Cores Avg Rut Depth from Base L 





























































* No profile could be measured 
** Bad data 
All the highlighted values used a modified range for the average rut 
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Figure A6.89: Oss 12.5 Field Cores Avg Rut from Base Line Longitudinal Profiles 
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Figure A6.90: Oss 12.5 Field Cores Max Rut from Base Line Longitudinal Profiles 
Figure A6.91: Oss 12.5 Field Cores Max Rut from Max Heave Longitudinal Profiles 
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Figure A6.92: Oss 19 Field Cores Brick 1 Transverse Profiles 
Figure A6.93: Oss 19 Field Cores Brick 2 Transverse Profiles 
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Figure A6.94: Oss 19 Field Cores Brick 3 Transverse Profiles 
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Figure A6.95: Oss 19 Field Cores Brick 4 Transverse Profiles 
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Figure A6.97: Oss 19 Field Cores Brick 6 Transverse Profiles 
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Figure A6.98: Oss 19 Field Cores Brick 7 Transverse Profiles 
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Figure A6.99: Oss 19 Field Cores Brick 8 Transverse Profiles 
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Thousands of Loading Cycles 
1 1 2 I 4 i 8 I 16 I 30 
3.50 3.44 3.62 3.87 4.19 4.02 
4.62 5.23 6.67 10.67 18.09 28.88 
7.58 5.70 8.00 12.78 23.27 26.56 
4.20 6.23 8.38 12.27 26.78 14.98 
4.31 5.55 7.60 8.92 25.19 33.99 
6.02 8.80 10.43 12.87 25.69 25.04 
4.27 5.40 8.96 12.36 22.65 27.29 
6.74 9.43 10.68 12.74 19.75 27.27 
4.93 5.76 7.67 10.53 20.84 22.97 
218 
Figure A6.100: Oss 19 Field Cores Avg Rut from Base Line Longitudinal Profiles 
105 210 
Longitudinal Position (mm) 




Figure A6.101: Oss 19 Field Cores Max Rut from Base Line Longitudinal Profiles 
gure A6.102: Oss 19 Field Cores Max Rut from Max Heave Longitudinal Profiles 
Test Logs and Temperature Data 
For all test logs, the Counter column shows the reading on the control box. Every 
time the control box was shut off and turned back on the counter increments by 1. The 
Relative column is the number of cycles run for that test only. 
Oss 12.5 

























































































































Seating load, no heat and vents off, 
approx 10 axles at 10 on the speed dial 
Heated to warm asphalt back up after 
first two profiles 
AIR thermocouple got caught under 
profilometer during #7 profile - screwed 
up profilometer for a bit 
Demonstration, no heat and vents off 
Search for Dr. Daniel 





60 \ : 
Air 
— Between Start 
— Between Center 
— Between End 
— Inbedded Start 
— Inbedded End 1 
0 H i i i i i 1 : 
0:00 6:00 12:00 18:00 0:00 6:00 12:00 18:00 
Time, starting 1/12/06 
Figure A6.103: Oss 12.5 Temperature Readings 
Ossl9 
























































MMLS wouldn't start after the 0 load 
profile. I had to take off the envi. 
chamber and check connections and 
pull the track to make sure all small 
castor wheels were on the track. I 
tested it for a few cycles (~5 sec.) put 
envi. chamber back on and continued. 
I missed the turn-off time and stopped 
the MMLS at -16060 cycles by 
mistake. I realized that during this last 
run I forgot to turn on the heater. 










































































Also I forgot to tighten the jack screws 
on the End side. They did move by 
some unknown amount and there may 
have been heave on the End side due to 
this uneven loading. 
Turned off heater to readjust jack 
screws on End side - no sure if they're 
perfect. I did it with a wheel resting on 
samples #6 and #7 
I opened the end panels to lower jack 
screws with out turning heater off 
before starting the MMLS 
Everything was shut off because the 
room was needed by another class 
Heat turned back on to finish the last 
50k cycles of the test 
Again lowered jack screws without 
turning the heater off, before starting 
the MMLS. 
Noticed that there was a squeaking 
while the MMLS was running. I 
checked under the heater vent and 
found it was shaking due to uneven 
legs. 
I stopped the MMLS and raised the jack 
screws on the Start side until it was 
"OK". 
Squeaking persists -1 will let it continue 
and will lubricate the machine after the 
test 
I turned off the MMLS late. I left the 
machine raised to take the profile later 
on 
for future reference: if you miss a stop 
point by a lot, let it run to a full 1000 
cycle increment before stopping for 
convenience sake. 
223 
18:00 0:00 6:00 12:00 18:00 0:00 6:00 
Time, starting 10/30/05 
12:00 18:00 0:00 
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— Between Start 
— Between Center 
— Between End 
— Inbedded Start 
— Inbedded End 
0:00 6:00 
Time, starting 11/1/05 
12:00 
Figure A6.105: Oss 19 Temperature Readings, Part 2 
Cont 12.5 



















































































































seating load, specimens cold, approx 10 
axles at 10 on the speed dial 
beginning of heat, tried using the orange 
cover only instead of the white 
environmental chamber 
checked the heat, the heater read 44 C, 
the inb_strt thermocouple read ~43 C, 
set heater to 77.5 C 
the MMLS wouldn't start, so I stopped 
the heater to check things out 
MMLS display: oL3, would not go 
away even after pushing STOP and 
flipping off switches. 
I unplugged it, waited 10 sec. and 
replugged it and started it up and it 
worked; now heating specimens back 
up 
using the orange vinyl cover was too 
difficult because the MMLS cannot be 
raised perfectly straight up and down 
with the crane and it is unpractically 
difficult for one person to do the job, so 
I put the envi. chamber back on and will 
raise and lower the jack screws 
opened sides to lubricate jack screws 
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Air 
— Between Start 
— Between Center 
— Between End 
— I n heckled Start 
— Inbedded End 
18:00 0:00 6:00 12:00 18:00 0:00 
Time, starting 3/15/06 
6:00 12:00 18:00 
Figure A6.106: Cont 12.5 Temperature Readings 
Cont 19 




































































seating load, specimens cold, approx 10 
axles at 18 on the speed dial 
not much change in profile, probably 
because I tightened the specimens in so 
much 
beginning of heat 
mistake on profile #3: the red line is bad 
(accidentally took #4 profile), 
overwrote file 
went a few extra axles on this one; 











































took time to fix markings on 
profilometer bar 
went a few extra axles on this one; 
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Air 
— Between Start 
— Between Center 
— Between End 
— Inbedded Start 
— Inbedded End 
0:00 6:00 12:00 18:00 0:00 
Time, starting 3/25/06 
6:00 12:00 
Figure A6.107: Cont 19 Temperature Readings 
Farm 
The original test log for the Farm MMLS3 test was lost. The log shown is 
extrapolated from the profile and temperature data files. 














































































6:00 12:00 18:00 0:00 6:00 12:00 
Time, starting 5/30/06 
18:00 0:00 6:00 










































































































6:00 12:00 18:00 0:00 6:00 
Time, starring 6/13/06 
12:00 18:00 
Figure A6.109: Hook Temperature Readings 
Oss 12.5 Bailev 
















































































tire #4 blew, will replace and restart test 
this evening 


























Heather stopped and raised MMLS at 
11:32am, she left heater going 
70 
60 
^ 5 0 
U 
2 40 s 










12:00 18:00 0:00 
Time, starting 5/19/08 
6:00 12:00 















18:00 0:00 6:00 12:00 
Time, starting 5/20/08 
18:00 0:00 
Figure A6.111: Oss 12.5 Bailey Temperature Readings, Part 2 
Cont 19 Bailev 
























































































Over slept a little 
70 
60 











12:00 18:00 0:00 6:00 12:00 
Time, starting 6/19/08 
18:00 0:00 
Figure A6.112: Cont 19 Bailey Temperature Readings 
Oss 12.5 Field Cores 














Counter Relative Notes 
Started data collectors, some were not 
plugged in right away. Inbed Center 
was put off to the side 
Started heater 
Checked Air and Inbed End, readings 
were approx 50 to 55 C, increased 
heater setting to 70 C and decided to 
give it more time to heat up 
Checked Inbed End and found it to be 
55 C, decided to begin testing with 
taking profile No. 1 at 0 cycles 










— Between Start 
— Between End 
— Inbedded Start 
— Inbedded Center 
— Inbedded End 
0:00 6:00 12:00 18:00 0:00 6:00 12:00 18:00 
Time, starting 9/11/05 
0:00 6:00 
Figure A6.113: Oss 12.5 Field Core Temperature Readings 
Oss 19 Field Cores 










































turned off heater - will start test 
tomorrow 
Heater turned on - set to 70 C 
checked temperature - was 55 C, 
increased heater to 75 C 
cranked down the MMLS 10 cranks, 
checked gap and found to be < 10 mm, 
cranked 2 more and gap was > 10 mm 
on a 14 1/2 wheel, started run. 
Noticed that when I turn on orange 
power box, counter increases by 1 
After initial lowering of machine, I 
forgot to lock the jack screws, they 
were out of place after 1000 cycles. I 
put they back - gap seems OK - not 
sure they are in the right spots/ heights 


















































During 0840 profile, a piece of asphalt 
seemed to interfere w/ profile. Looked 
like large heave. 
Upon inspection I found a broken piece 
-1 removed it and retook the profile 
NOTE: Lift profilometer to move, do 
not slide or drag 
Personal break 
Personal break 
turned heater back on, left MMLS 
raised 
retook the #7 profile because it looked 
horrible - was the same. 
the #5 profile topped out due to debris 
C-01 16000 cycles -> didn't work 
raised profilometer 10 mm 
Heat back on 
lowered MMLS 1 crank to give 10 mm 
gap; gap was just at 10mm 
Air 
— Between Start 
— Between End 
— Inbedded Start 
— Inbedded Center 
— Inbedded End 
12:00 18:00 0:00 6:00 12:00 18:00 0:00 6:00 12:00 18:00 
Time, starting 9/18/05 




The statistical test used for this project was the Mann-Whitney/Wilcoxon Rank 
Sum Test. The average rut depths for the Oss 12.5-Original and the Oss 12.5-Bailey 
MMLS3 tests will be used to explain how the test works. Tables A7.1 and A7.2 show the 
average rut depth measurements for these tests. 
























































































































































































A separate statistical comparison was done at each measuring point in the tests. 
Therefore, a total of nine separate comparisons are calculated for these two data sets. For 
a single comparison, the first step is to combine the values from both data sets into a 
single list. This list is then arranged in order from highest to lowest while keeping a tab 
on which data set each value originally came from. Once the values are in order, each is 
assigned a rank; the highest is rank 1 and the lowest is rank 14. An example using the rat 

















































lues at 4,000 Loading Cycles 
At this point, the values with their assigned rank are split up into their respective 
data sets again. Then, ranks in each data set are totaled. The sums of the ranks from each 
data set are the test statistics for the comparison. Table A7.4 shows the two data sets 
with their sums of ranks. 















































In this example, the sums, 56 and 49, differ by 7. The p-value for these two test 
statistics is 0.7104. This means that there is approximately a 71% chance that one would 
get two sums of ranks at least 7 apart if the ranks were randomly assigned to each data 
set. For a p-value this high, the null hypothesis is not rejected. In this case the null 
hypothesis says that the two data sets are not significantly different. For the rut values 
measured 46,000 cycles later, the two rank sums are 70 and 35. The probability that one 
would get two sums 35 apart by random chance with only ranks 1 through 14 to work 
with is about 3%. The limit for the p-value is 0.05, which is 5%. Therefore, at 50,000 
loading cycles the null hypothesis is rejected, meaning that the two data sets are 
significantly different. 
Sometimes, two or more values tie for the same rank in the combined list. In such 
a case, an average rank is assigned to all of the values. However, if this happens too 
much, the results can be skewed. This is especially true when working with a low 
number of data points. When there were too many ties in the data, the statistical analysis 
used for this project employed an assumed normal distribution, which yielding a single 
value for the test statistic that could be positive or negative. The larger the absolute value 
of this test statistic, the smaller the p-value. 
For each pair of mix designs, two sets of comparisons were calculated. The first 
used the average rut depth measured from the base line and the second used the 
maximum rut depth measured from the base line. Tables A7.5 through A7.13 show the 
results from the statistical comparisons. The first column is the number of thousands of 
loading cycles applied up to the set of profiles that were statistically compared. The test 
statistics labeled W are sums of ranks. The test statistics labeled Z are the normal 
distribution approximations. If the null hypothesis, Ho, is rejected, then the two data sets 
are significantly different at the corresponding number of loading cycles. 











Avg Rut Depth 
Test 
Statistics 
W = 28, 77 
W = 28, 77 
W = 31,74 
W = 31,74 
W = 42, 63 
W = 68, 37 
W = 42, 63 
W = 60, 45 






















Max Rut Depth 
Test 
Statistics 
W = 28, 77 
W = 28, 77 
W = 31,74 
W = 32, 73 
W = 64, 41 
W = 42, 63 
W = 60, 45 
W = 59, 46 

































Avg Rut Depth 
Test 
Statistics 
W = 56,49 
W = 56, 49 
W = 58,47 
W = 48, 57 
W = 48, 57 
W = 59, 46 
Z = -0.7035 
W = 60,45 






















Max Rut Depth 
Test 
Statistics 
W = 52, 53 
W = 50,55 
W = 58,47 
W = 56, 49 
W = 48,57 
W = 58,47 
W = 59, 46 
W = 61,44 

































Avg Rut Depth 
Test 
Statistics 
W = 49, 56 
W = 63, 42 
W = 60, 45 
W = 65, 40 
W = 69, 36 
W = 68, 37 
W = 70, 35 
W = 31,74 






















Max Rut Depth 
Test 
Statistics 
W = 58, 47 
W = 60, 45 
W = 62,43 
W = 66, 39 
W = 70, 35 
W = 70,35 
W = 70,35 
W = 31,74 

































Avg Rut Depth 
Test 
Statistics 
W = 28, 77 
W = 28, 77 
W = 28, 77 
W = 28, 77 
W = 28, 77 
W = 28, 77 
W = 28, 77 
Z = -3.07 






















Max Rut Depth 
Test 
Statistics 
W = 28, 77 
W = 28, 77 
W = 28, 77 
W = 28, 77 
W = 28, 77 
W = 28,77 
W = 28, 77 
W = 28, 77 

































Avg Rut Depth 
Test 
Statistics 
W = 59, 46 
W = 35,70 
W = 70,35 
W = 70, 35 
W = 70, 35 
W = 71,34 
W = 72, 33 
Z = 2.3025 






















Max Rut Depth 
Test 
Statistics 
W = 56,49 
W = 38,67 
W = 70, 35 
W = 70, 35 
W = 70, 35 
W = 72, 33 
W = 32, 73 
W = 32, 73 


































Avg Rut Depth 
Test 
Statistics 
W = 52, 53 
W = 65,40 
W = 69, 36 
W = 64,41 
W = 65, 40 
W = 62, 43 
Z= 1.3431 
W = 66, 39 






















Max Rut Depth 
Test 
Statistics 
W = 56, 49 
W = 66, 39 
W = 70, 35 
W = 65,40 
W = 62,43 
W = 61,44 
W = 42, 63 
Z = 1.471 





































W = 56,49 
W = 56,49 
W = 56, 49 
W = 50, 55 
W = 50,55 
W = 56, 49 
W = 46, 59 






















Max Rut Depth 
Test 
Statistics 
W = 48, 57 
W = 59,46 
W = 56,49 
W = 58,47 
W = 60, 45 
W = 58,47 
W = 58,47 
W = 61,44 

































Avg Rut Depth 
Test 
Statistics 
W = 42, 63 
W = 48, 57 
W = 49, 56 
W = 49, 56 
W = 66, 39 
W = 64,41 
W = 70,35 
W = 31,74 






















Max Rut Depth 
Test 
Statistics 
W = 65, 40 
W = 59, 46 
W = 50, 55 
W = 50, 55 
W = 65, 40 
W = 64, 41 
W = 36, 69 
W = 31,74 

































Avg Rut Depth 
Test 
Statistics 
W = 36, 69 
W = 38,67 
W = 32, 73 
W = 36, 69 
W = 41,64 
W = 65, 40 
W = 49, 56 
Z = 0 






















Max Rut Depth 
Test 
Statistics 
W = 32, 73 
W = 70, 35 
W = 75,30 
W = 32, 73 
W = 70,35 
W = 70,35 
W = 68,37 
W = 42, 63 
Z = -0.6396 
P-Value 
0.007 
0.0262 
0.0023 
0.007 
0.0262 
0.0262 
0.053 
0.2086 
0.5224 
Reject 
Ho? 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
No 
No 
